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Abstract
This thesis investigated a range o f interdependent themes. There were two central 
questions. The first addressed whether visual information for the control o f skilled 
actions is transformed and represented in a similar fashion as that used to represent 
the world for perception. The second addressed the nature o f the visual information 
used in the control o f  reaching and grasping movements. A  MacReflex (Qualisys A B ,)  
motion analysis system was used to measure kinematic parameters o f reaches to real- 
world objects in a variety o f situations. The results o f the first empirical chapter, 
which explored the effects o f pre-response delay on performance on various 
perception- and action-based tasks, supported Milner and Goodale’ s (1995) 
contention that visual processing for perception and for the control o f action are 
segregated in two quasi-independent processing streams. Three further empirical 
chapters investigated the importance o f binocular cues relative to monocular pictorial 
cues in the control o f prehensile movements. Binocular cues were found to be 
sufficient but not necessary for the control o f  reliable reaches, both when reaching to 
single objects in isolation and when reaching into multiple-object scenes. This finding 
questions the current view that they play a primary role in the control o f reliable 
reaches. Height in the visual field, which can, in principle, specify metric properties 
o f the scene, was also found to be sufficient to support reliable reaching. The final 
empirical chapter addressed the implications o f  restricting peripheral information for 
estimates o f distance and size used in the control o f  reaches. It was found that 
restricting the field o f view resulted in underestimates o f object distance although 
estimates o f size were unchanged. In summary, the findings reported in this thesis 
support the dissociation between visual processing for perception and action, as 
proposed by Milner and Goodale (1995) and suggest that a variety o f binocular and 
monocular sources o f information are used in the control o f natural reaching and 
grasping movements.
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Chapter 1
Introduction
1.1. General introduction
One o f the supreme achievements o f evolution is that vision allows us to perceive and 
represent the three-dimensional world as well as to perform skilled actions within it. 
Manual prehension —  the act o f  reaching to and grasping an object —  is an important 
example o f an accurate and efficient visually guided action. It is clear that vision 
provides information about the properties o f objects to be grasped as when we reach 
for an object, the hand is moved towards the correct location in space and the posture 
o f the hand and fingers is shaped to the size, shape and orientation o f the target object, 
well before it is actually grasped (Jeannerod, 1988). Two important questions in this 
context, which are the focus o f this thesis, are what type o f visual information is used 
in the control o f  prehensile movements, and whether it is transformed and represented 
in a similar fashion in the control o f skilled actions as it is when we represent the 
world for ‘perception’ .
Prehensile movements are thought to consist o f two relatively independent, although 
coupled, components: a hand transport component, and an object manipulation or 
grasp  component (i.e. reach and grasp) (Jeannerod, 1981, 1988; this is discussed in
1
detail in Section 1.6)11. Jeannerod (1981) proposed that the transport and the grasp 
are controlled by separate ‘visuo-motor channels’ responsible for the independent, 
parallel processing o f visual information about (i) extrinsic object properties such as 
spatial location, which describe an object’ s relationship with the observer and (it) 
intrinsic object properties such as its size, shape and weight, which are independent o f  
the relationship between the object and the observer. In order to transport the hand in 
a particular direction and for a particular distance extrinsic object properties are 
required whereas intrinsic object properties are required to control the grip aperture 
and to select the most appropriate grasp points12.
The five empirical chapters in this thesis address a range o f interdependent themes 
concerned with how the visual control o f accurate and efficient reaching and grasping 
movements might be achieved. Although the kinematics o f prehensile movements 
have been studied extensively, the types o f  visual information involved in their control 
remains to be elucidated fully. Further impetus for this work comes from the 
suggestion, based mainly on neuropsychological evidence, that visual information 
might be processed quite differently depending on whether it is used for the control o f  
action or for perceptual tasks (Milner and Goodale, 1995), including those 
traditionally studied in psychophysics.
M The terms ‘grasp’ and ‘grip’ are used throughout this thesis to refer to the precision grip pattern 
(Napier, 1956), in which the pulpar surface o f the thumb is arranged in opposition to the pulpar 
surface(s) o f one or more o f the fingers, to form an ‘ opposition space’ (Iberall and Arbib, 1990).
12 According to this ‘ classical’ view, object distance and size must be recovered in order to control the 
transport and grasp components, respectively. However, an interesting alternative description has 
recently been proposed by Smeets and Brenner (1999) which emphasises the determination o f suitable 
grasp points on the object, on the basis o f its shape and other characteristics such as surface texture. In 
this view the thumb and fmger(s) are moved more or less independently to the identified positions, and 
therefore object size per se need not be recovered.
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The first empirical chapter (Chapter 3) investigates how visual information for the 
control o f prehension might be represented in the brain. There is now considerable 
empirical evidence which suggests that specialised processing pathways may exist to 
transform the visual array according to the demands o f a particular task (Bridgeman, 
Kirch and Sperling, 1981; Milner and Goodale, 1995; see also Jeannerod, 1997). A s is 
reviewed in detail below, a general distinction has been proposed, based mainly on 
studies o f certain neuropsychological patients, between visual processing for 
perception and for the control o f  action (Milner and Goodale, 1995). Chapter 3 
examines whether this provides an appropriate framework in which to consider the 
visual control o f prehension in normal subjects. Although in everyday life, our 
perception o f the world and the performance o f actions within it appear to correspond 
closely, experiments which have compared perception- and action-based responses to 
visual illusions provide some evidence that visual information might be processed 
differently for the two tasks. The experiments reported in Chapter 3 take a different 
approach to this question, by contrasting various perception- and action-based tasks 
in terms o f the temporal nature o f the underlying representations required for their 
completion.
The experiments reported in Chapters 4 and 5 explore the types o f visual information 
involved in the control o f  the transport and grasp components o f a prehensile 
movement. In everyday visual scenes the extrinsic and intrinsic properties o f objects, 
and the layout o f their supporting surfaces, are specified by a multitude o f different 
visual cues. Binocular cues however, are typically considered to be pre-eminent in the 
control o f prehensile movements (Previc, 1990; Servos, Goodale and Jakobson, 1992;
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Dijkerman, Milner and Carey, 1996). One reason for this is that they can be used to 
specify absolute distance and size o f objects in the visual scene (Foley, 1980; Rogers 
and Bradshaw, 1993; Bradshaw, Glennerster and Rogers, 1996) —  information which 
is necessary in the planning and control o f  many typical reaches. There is also 
physiological and neuropsychological evidence for the contribution o f binocular 
information to the control o f  prehension (Dijkerman et al, 1996; Sakata, Taira, 
Kusunoki, Murata, Tsutsui, Tanaka, Shein and Miyashita, 1999). Behavioural studies 
further support the importance o f binocular information in the control o f  normal 
prehension (Servos et al., 1992). The results o f these studies are difficult to interpret 
unambiguously, as several factors may have co-varied with the manipulation o f  
binocular information, as set out in Section 1.3. In Chapter 4, this issue is addressed 
using methods adapted from traditional psychophysics, in order to assess more clearly 
the contribution o f binocular information to accurate prehensile movements. Based on 
the findings o f this study, the work in Chapter 5 examines the contribution to 
prehension o f another possible metric cue to distance —  height in the visual field.
The empirical work reported in Chapters 4 and 5 involves reaches to single objects 
presented on an otherwise empty table top. In Chapter 6 , a more natural situation o f  
reaching to an object presented in a multiple-object scene is considered. There is 
evidence to suggest that prehensile movements under these circumstances may differ 
significantly from reaches to single objects (Jackson, Jackson and Rosicky, 1995; 
Castiello, 1996; Jackson, Jones, Newport and Pritchard, 1997; Tipper, Howard and 
Jackson, 1997; Kritikos, Bennett, Dunai and Castiello, 2000). Again, Chapter 6
4
concentrates on the importance o f binocular information in the control o f prehension 
in such conditions.
The experiments reported in Chapter 7 are concerned with the extent o f  the visual field 
from which information is available. In the foregoing experiments, information from 
peripheral vision is often absent (due to the presentation o f self-illuminated objects in 
an otherwise dark environment). Many other experiments which have addressed the 
visual control o f action have also restricted the available field o f view (FOV) as an 
inadvertent consequence o f the experimental methods used. This may have important 
consequences for the general applicability o f the results in this area. For example, the 
absence o f peripheral information may affect the processing o f depth and distance 
using binocular disparity as the information available in the periphery has been shown 
to be useful in recovering absolute distance (Rogers and Bradshaw, 1995; Bradshaw, 
Glennerster and Rogers, 1996). Interestingly, Dolezal (1982) observed that reducing 
the available FOV disrupted the perceived size and distance o f objects in the scene, 
causing him to ‘under-reach’ for objects. These observations, based on his experiences 
o f wearing various optical devices over prolonged periods, are clearly also o f  
theoretical importance for understanding the visual control o f  prehension. The 
experiments reported in Chapter 7 investigate systematically the effects o f restricting 
the available field o f view on prehension.
This remainder o f this chapter discusses the theoretical and empirical backgrounds to 
each o f these issues.
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Although a single, metric representation o f space may be sufficient to support all our 
visually guided activity (Marr and Nishihara, 1978), an increasing amount o f empirical 
evidence suggests that specialised processing pathways may exist to transform the 
visual array according to the demands o f a particular task (Bridgeman et al., 1981; 
Goodale, Milner, Jakobson and Carey, 1991; Goodale and Milner, 1992; Milner and 
Goodale, 1995; see also Jeannerod, 1997). In a series o f papers Milner, Goodale and 
their colleagues (see Milner and Goodale, 1995, for a review) suggested that a general 
distinction can be made between visual processing for ‘perceptual’ tasks (e.g. judging 
the shape o f an object, object recognition) and for visuo-motor, or ‘ action’ based tasks 
(e.g. reaching and grasping, intercepting a moving object). Differences in performance 
between these types o f tasks are interpreted as a functional manifestation o f the two  
quasi-independent ‘ streams’ o f visual projections that have been identified in 
primates: the ventral stream, arising from primary visual cortex and projecting to the 
inferotemporal cortex, and the dorsal stream, also arising from primary visual cortex 
but projecting to the posterior parietal cortex (Ungerleider and Mishkin, 1982). 
Milner and Goodale (1995) propose that the ventral stream mediates visual 
perception, whereas the dorsal stream mediates visually guided action.
The distinction between vision for perception and vision for action proposed by 
Milner and Goodale (1995) is a re-interpretation o f the functional properties o f the 
dorsal and ventral streams reported previously by Ungerleider and Mishkin (1982). In 
their highly influential paper, Ungerleider and Mishkin (1982) proposed that the
1.2. Task dependent representation of visual information
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ventral and dorsal streams are concerned with the processing o f object features, and 
spatial location, respectively (the so-called ‘what’ and ‘where’ channels). Milner and 
Goodale’ s account changed the emphasis from the differences in the type o f visual 
information received by the two streams, to the types o f  transformations performed 
on the information by them. The division o f labour is based on the different functional 
requirements o f systems mediating visual perception, and the visual control o f action. 
Note that in this view, intrinsic and extrinsic object properties are processed in both 
streams, although they are transformed differently by each. It is proposed that the 
ventral stream emphasises coding o f object location and size in relative coordinates, 
whereas in the dorsal stream extrinsic and intrinsic object properties are coded in 
absolute egocentric coordinates, which are thought to be required for the guidance o f  
ego-movements (Soechting and Flanders, 1992; Graziano and Gross, 1994). O f  
course, although size is an intrinsic object property, controlling the grasp requires that 
it also be coded in an egocentric frame o f reference, in the sense that it must reflect 
properties o f the effector system used (Goodale and Milner, 1992).
N europsychological evidence f o r  the perception-action distinction 
A  major source o f evidence for the distinction between visual systems for perception 
and action comes from neuropsychological studies, where a remarkable double 
dissociation has been found between the perceptual and visuo-motor performance o f  
patients with lesions located in areas thought to correspond primarily to the dorsal 
and ventral processing streams. Goodale et al. (1991) reported patient D.F. (see also 
Milner, Perrett, Johnston, Benson, Jordan, Heeley et al., 1991) who displayed
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symptoms o f visual form agnosia following carbon monoxide intoxication. D .F. 
sustained diffuse damage to the lateral occipital region (mainly Brodmann’s areas 18 
and 19, including visual areas V 2 , V3 and V 4), although her primary visual cortex (area 
17, or V I) was largely spared. Milner et al. (1991) proposed that as a result o f this 
lesion D .F .’ s ventral stream has been effectively ‘disconnected’ by the blocking o f the 
input it would normally have received from V I (see also Milner and Goodale, 1995). 
In contrast, D .F .’ s dorsal stream function may be comparatively well-preserved as 
direct connections from V I to several dorsal stream areas (including M T and V 3A )  
remain intact (Milner et al., 1991; Milner and Goodale, 1995)13. It is important to 
note, however, that D .F .’ s brain damage is not restricted to areas involved exclusively 
in ventral stream function. Visual areas V 2  and V 3, for example, send output to dorsal 
stream areas (Shipp and Zeki, 1985; Zeki, 1993). Therefore although it seems likely 
that some dorsal stream function is preserved in D.F., inputs to her dorsal stream may 
differ significantly from those in an intact brain. Nonetheless, Goodale et al. (1991) 
found a striking dissociation between D .F .’ s performance on perceptual and visuo- 
motor tasks. She was unable to ‘match’ the orientation o f a line using her hand, and 
yet when asked to ‘post’ her hand through a slot at various orientations, her 
performance was accurate. Similarly, she was unable to discriminate between simple 
geometric shapes or estimate the size o f a visually inspected object, despite the fact 
that the same visually determined shape and size information was reflected in her 
reaching and grasping movements (see also Milner et al., 1991).
13 Milner and Goodale (1995) also note that D.F.’ s tectothalamic pathways appear to be intact, 
providing an alternative route through which her dorsal stream could receive information, rather than 
via VI.
A  converse dissociation has been observed in patients R.V. (Goodale, Meenan, 
Btilthoff, Nicolle, Murphy and Racicot, 1994b) and A .T . (Jeannerod Decety and 
Michel, 1994). Both o f these patients have lesions in the occipitoparietal zone o f the 
posterior parietal cortex, which is located in the dorsal stream. Both patients showed 
a profound deficit in their ability to use visual information about the object to pre­
shape their grasp, prior to contact with the object. In contrast, R.V. performed 
normally on a shape comparison task, and patient A .T . was able to match the size o f a 
visually inspected object with her fingers, even though her grip apertures had not 
correlated with object size in the prehension task.
Taken together, these findings offer strong support for Milner and Goodale’ s (1995) 
proposed distinction between separate systems for perception and action mediated by  
the ventral and dorsal streams, respectively. In contrast with the distinction between 
‘what5 and ‘where’ pathways originally suggested by Ungerleider and Mishkin (1982), 
the finding that the visual form agnosic patient D.F. could scale her grip appropriately 
to the size o f the object to be grasped supports the proposal that processing o f form 
may also take place in the dorsal stream. This is further supported by a series o f 
physiological studies by Sakata and colleagues (see Sakata, Taira, Kusunoki, Murata 
and Tanaka, 1997, for a review), who have reported cells in the posterior parietal 
cortex o f primates, involved in hand-manipulation-related activity, which were 
selective for complex 3-D  shapes (Taira, Mine, Georgopoulos, Murata and Sakata, 
1990; Sakata, Taira, Murata and Mine, 1995; Murata, Gallese, Kaseda and Sakata, 
1996), as well as others which were selective for 3-D  surface orientation and for
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object 3-D  axis-orientation (Kusunold, Tanaka, Ohtsuka, Ishiyama and Sakata, 1993; 
Sakata and Taira, 1994; Shikata, Tanaka, Nakamura, Taira and Sakata, 1996).
Can perception  and action be d issociated  in the intact brain?
The general distinction between perception and action proposed by Milner and 
Goodale has become very influential and has enjoyed a great heuristic success. 
However functional divisions in visual processing have been commonplace in the 
literature over the last 30 years with divisions between spatial and object processing 
(Ungerleider and Mishkin, 1982), focal and ambient vision (Trevarthen, 1968) and 
cognitive and sensorimotor modes (Paillard, 1987; Bridgeman and Huemer, 1998) all 
being discussed. It is important to note that multiple representations o f space appear 
to be recovered by the brain (van Essen and Maunsell, 1983). Therefore many 
functional divisions may exist which could change depending on the informational 
constraints o f the particular task or behaviour being studied. Therefore, despite strong 
anatomical and neuropsychological evidence in support o f a dichotomy between 
general systems for perception and action, it remains moot whether such a distinction 
is the best way to consider the functional organisation o f the intact human brain. At a 
functional level, it is difficult to describe object-oriented behaviour as entirely 
‘perception’ or ‘ action’ . For example, the semantic properties o f objects have been 
shown to affect the selection o f particular objects and how they are grasped (Jervis, 
Bennett, Thomas, Lim and Castiello, 1999). A  lack o f independence o f the two 
systems is also suggested by further observations o f the patient A .T ., reported by 
Jeannerod et al. (1994). Although she was unable to pre-shape her grasp
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appropriately when grasping neutral objects (see above), she showed normal scaling o f  
grip apertures with object size when asked to reach for familial* objects, such as a 
lipstick, suggesting that information thought to be processed in the ventral stream (see 
Milner and Goodale, 1995) can also be used to control action. Multiple inter­
connections between the ventral and dorsal streams have been reported (Morel and 
Bullier, 1990; Felleman and van Essen, 1991) which may support the functional 
integration o f information. For example, inter-connections have been found between 
the inferotemporal cortex and the anterior intraparietal area in primates (Webster, 
Bachevalier and Ungerleider, 1994), which has been shown to be involved in hand 
manipulation activity (Taira et al., 1990; Sakata et ah, 1992).
It may be profitable, therefore, in thinking about the intact brain, to classify different 
tasks in terms o f the informational constraints involved in their completion rather than 
in terms o f the effector system (or dependent measures) involved as emphasised by 
Milner and Goodale (1995). It is important, therefore, to define the exact properties 
o f the visual stimulation that is sufficient to control any task and how this information 
should be represented. For example, intrinsic object properties, required for efficient 
grip formation, share many similarities with the properties required for object 
recognition. To recover absolute size information, extrinsic properties, such as 
egocentric distance, need to be recovered to support both perceptual processes and 
action based ones.
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Em pirical evidence f o r  a  perception-action distinction in normal subjects 
If  different systems for visually mediated perception and action can be dissociated, 
they may also be apparent in the behaviour o f neurologically intact subjects under 
certain situations, despite the fact that in everyday life there appears to be a near 
perfect correspondence between our perception o f the world and the performance o f  
actions within it. In fact in certain contrived situations there is an increasing amount 
o f evidence to suggest that the information used to control perception- and action- 
based responses may differ.
The major source o f such evidence comes from the observations that action based 
responses (e.g. eye movements, pointing and/or reaching and grasping) appear less 
susceptible than the perceptual system to the influence o f common visual illusions 
(see Figure 1.1). Visual illusions have proved to be a useful psychophysical tool in 
elucidating many underlying properties o f  the visual system (see Gregory, 1998). The 
same may also be true for contrasting behavioural manifestations o f the perception and 
action-based visual systems.
Using a combination o f illusory (induced by a moving frame surrounding the target) 
and real motion set in the opposite directions, Wong and Mack (1981) found that 
although saccadic eye movements followed the true direction o f the target, it was 
perceived to move in the opposite (illusory) direction. Using a similar technique to 
investigate pointing movements, Bridgeman et al. (1981) created the psychophysical 
equivalent o f a double dissociation by combining real and illusory motion so that
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sometimes a visual target appeared to move when it was actually still, and sometimes 
it appeared to be still when it actually moved. In both cases subjects pointed 
accurately to the target’ s spatial location despite the presence o f the illusory 
movement. Similar dissociations have also been created with static stimuli (Gentilucci, 
Chieffi, Daprati, Saetti and Toni, 1996a).
Size/distance perceptual illusions, such as the Miilier-Lyer figure and the Ebbinghaus 
illusion (0 1 * Titchener circles) (see Figure 1.1), have been used to determine the relative 
effects o f illusions on the perception o f size and the formation o f pre-grip aperture. 
Peak grip aperture is known to correlate well with the physical size o f  the object to be 
grasped (Jeannerod, 1981, 1984; Gentilucci, Castiello, Corradani, Scaipa, Ulmita and 
Rizzolatti, 1991). Using the Ebbinghaus illusion, Aglioti, DeSouza and Goodale 
(1995) found that the perceptual effect o f the illusory configuration was much larger 
than the effect on grasp (see also Haffenden and Goodale, 1998). Similar results 
concerning the formation o f the grasp have been reported for the Miiller-Lyer illusion 
(Daprati and Gentilucci, 1997).
These cases have been taken as strong support for the perception-action distinction 
proposed by Milner and Goodale (1995). However, the picture is confused by a 
series o f suggestions that many o f these studies contain significant artefacts. It has 
been claimed that many o f the experimental situations used appear biased in favour o f  
finding differences between perception and action, as often the perceptual condition is 
directed at two stimulus configurations whereas the grip-scaling task is directed at
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Figure 1.1. Examples o f well-known visual illusions which have been used to 
investigate perception-action differences in neurologically intact subjects. In the Miiller- 
Lyer illusion (a) the central bar with outward facing arrows appears longer than the bar 
with inward facing arrows, although they are both the same length. In the Ebbinghaus 
illusion (b) the central circle surrounded by small circles appears larger than when 
surrounded by large circles, although once again they are the same physical size.
only one (Vishton, Rea, Cutting and Nunez, 1999; Franz, Gegenfurtner, Bulthoff and 
Fahle, 2000; Mon-Williams and Bull, 2000). Indeed several studies have shown that 
illusions can affect the magnitude o f the pre-grip aperture to a similar extent as that 
recorded perceptually (e.g. Pavani, Boscagli, Benvenuti, Rabuffetti and Fame, 1999; 
Vishton et al., 1999; Franz et al., 2000). However, some o f these studies may suffer 
from their own artefacts because parts o f  the stimulus configuration (e.g. the outer ring 
o f circles in the Ebbinghaus illusion) may have been treated as obstacles to the 
formation o f a natural grip and so constrained its size (Haffenden and Goodale, 2000; 
Haffenden, Zavitz and Goodale, 2000; see also Daprati and Gentilucci, 1997). 
Vishton et al. (1999) used the Horizontal-Vertical illusion, and created a situation 
which was free from both these objections and found that that the effects o f the 
illusion on perception and grip aperture were equivalent. However, this study did not 
measure reaches to real objects, and measured fmal-grip aperture (i.e. position on table 
top) rather than maximum pre-grip aperture which is common throughout the studies
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described above. Moreover, inter-finger distance, used to measure one extent, is more 
constrained than the finger-thumb distance used to measure the other, which might 
have led to a bias in the results o f  their final experiment. This questions their general 
finding that perception-action differences appear and disappear depending on how the 
subject construes the task given to him or her. Perception-action differences can also 
be rather subtle. For example, Brenner and Smeets (1996) reported that although grip 
aperture scaling was not affected by a variant o f  the Ponzo illusion, the force which 
subjects’ applied to lift the object was altered significantly by the illusion (see also 
Jackson and Shaw, 2000).
As the above discussion suggests, the simple quantitative difference between the size 
of an illusion measured in different ways is extremely difficult to interpret, as a direct 
comparison o f effects in different domains may not be appropriate. Differences in 
absolute performance may reflect the fact that different anatomical control processes 
are involved. However, they may also arise from differences in properties o f  the 
effector systems themselves, and/or how the information is translated in their control. 
For example, in terms o f the control o f grasping, perceived size can vary over a large 
range whereas grip aperture can only vary over a restricted range. In addition the latter 
is not only controlled by the visual information p e r  se  but takes into account previous 
reaches, and the reliability o f  the information (Wing, Turton and Fraser, 1986; 
Jakobson and Goodale, 1991). Therefore the relationship between perceived size and 
grip aperture formation may not be linear and so a particular physical size may cause 
different outputs in the two response systems although they are controlled by a 
common visual locus. Similarly, if a slightly different question is asked using identical
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visual stimuli, the patterns o f perception-action differences may change (Abrams and 
Landgraf, 1990; Vishton et al., 1999).
Temporal dissociations between perception  and action
An alternative way in which the division between perception and action systems may 
be manifest is in terms o f the temporal nature o f the tasks they support (Milner and 
Goodale, 1995). For example, when we move through the world, perhaps to intercept 
a moving object, extrinsic object properties such as the distances between our body 
parts and objects in the world constantly change and so have to be calculated and 
updated as rapidly as possible. The pathway specialised for this task, therefore, may 
have little interest in the retention o f information over time due to its emphasis on 
rapid computation (Goodale, Jakobson and Keillor, 1994a; Milner and Goodale, 1995; 
Graham, Bradshaw and Davis, 1998; Hu, Eagleson and Goodale, 1999). In contrast, 
the pathway specialised to perceive and represent the world may emphasise 
constancy and durability o f information as it is desirable for the system to represent 
intrinsic properties o f the world, such as the shape o f objects and their relative 
positions, in a viewer independent manner which does not change with ego-motion. 
That is, this representation seeks to maintain perceptual constancy (Milner and 
Goodale, 1995; Graham et al., 1998).
This difference in the temporal constraints o f many perception and action-based tasks 
suggests that interposing a temporal delay between stimulus and response is a 
promising method for exploring the proposed perception-action distinction. In 
support o f this, temporal delay has been found to alter the relative effects o f visual
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illusions on perception and action-based responses. For example, when Wong and 
Mack (1981) imposed a delay in response in their illusory/real motion displays, the 
direction o f the saccadic movement reversed from that found with an immediate 
response, to be consistent with the perceived direction. This suggests that the system  
controlling saccadic eye movements has only a very limited memory and after a short 
delay it must rely on information from the perceptual system. Bridgeman et al. (1981) 
built on this result and found that the accurate performance in their directional 
pointing task also reflected the same biased performance as a perceptual task after the 
imposition o f a short delay. Similar results have also been found for size/distance 
illusions (Gentilucci et al., 1996a).
In Chapter 3, this paradigm is first used to investigate whether action-based 
(pointing) and perception based (perceptual matching) responses in a distance 
reproduction task are dissociable in terms o f their temporal nature. This approach is 
then developed to investigate the effects o f temporal delay on prehension. Prehensile 
movements are particularly interesting in this context as although both the transport 
and grasp components are clearly ‘ action’ tasks, they are thought to have quite 
different informational requirements. The transport component is thought to depend 
on extrinsic information which needs to be updated rapidly with ego-motion, whereas 
the grasp is thought to depend on intrinsic information, which may share many 
properties with the perceptual system. Therefore comparing the effects o f a pre­
response delay on the transport and grasp components o f a prehensile movement may 
represent a critical test o f  the perception-action distinction as proposed by Milner and 
Goodale (1995).
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Vision is required to specify accurate estimates o f  the extrinsic and intrinsic properties 
o f objects to be grasped. A  fundamental question then, is what visual cues are used to 
specify these object properties for the control o f prehension? In natural scenes, both 
the properties o f  objects, and the layout o f  their supporting surfaces, are potentially 
specified by a multitude o f different visual cues, such as accommodation, motion 
parallax, angle o f  convergence, binocular disparity, height in the visual field and other 
pictorial depth cues (see Sedgwick, 1986; Cutting and Vishton, 1995; Gillam, 1995). 
However, binocular cues have typically been considered paramount in the control o f  
prehension (Previc, 1990; Servos et al., 1992; Mon-Williams and Dijkerman, 1999).
One reason for this is that the angle o f convergence and binocular disparities, once 
suitably scaled, can be used to specify the full metric structure o f the visual scene, 
including the absolute distance and depth o f objects, which is necessary for the control 
o f accurate prehensile movements (Foley, 1980; Rogers and Bradshaw, 1993; 
Bradshaw et al., 1996). Horizontal binocular disparities can provide information 
about the relative depth and orientation o f objects (Rogers and Bradshaw, 1993). 
However, the fact that the horizontal disparities projected by an object fall o ff  
approximately with the square o f viewing distance means that they must be scaled by  
an estimate o f fixation distance in order to recover the physical size and shape o f  
objects. Empirical studies suggest that information about fixation distance is available 
from extra-retinal information about the angle o f  convergence o f the two eyes (Foley, 
1980; Cumming, Johnston and Parker, 1991; Rogers and Bradshaw, 1993).
1.3. The visual information used to control prehension
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Information about fixation distance is also potentially available from vertical 
disparities (Mayhew and Longuet-Higgins, 1982; Bishop, 1989; Rogers and 
Bradshaw, 1993; Rogers and Bradshaw, 1995). It has been demonstrated empirically 
that provided the field o f  view is sufficiently large, distance information from vertical 
disparities can be used to scale horizontal disparities (Bradshaw, Glennerster and 
Rogers, 1996), and Rogers and Bradshaw (1995) have shown that the visual system  
can use a combination o f information from convergence and vertical disparities to 
interpret horizontal disparities accurately.
It is important to note that although an accurate estimate o f  fixation distance must be 
available to the nervous system to interpret horizontal disparities accurately, it does 
not necessarily follow that distance information is explicitly available. Indeed, 
estimates o f  distance from convergence alone have frequently been found to be rather 
imprecise (Gogel, 1961; Gogel, 1977; Morrison and Whiteside, 1984; see also Brenner 
and van Damme, 1998). However, Mon-Williams and Tresilian (1999) recently 
examined the contribution o f extra-retinal cues to distance perception (assessed by  
manual pointing), and found that convergence angle could be a reliable cue to distance 
within reaching space (see also Tresilian, Mon-Williams and Kelly, 1999).
O f course vision not only specifies properties o f the object to be grasped, but may 
also provide important information about the target object and the moving hand during 
the reach, allowing the movement to be adjusted ‘on-line’ (Paillard, 1982; Goodale, 
Pellison and Prablanc, 1986; Gentilucci, Toni, Chieffi and Pavesi, 1994; Berthier,
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Clifton, Gullapalli, McCall and Robin, 1996). The role o f on-line visual feedback p e r  
se  is not examined in this thesis. However, it is interesting to note that, the 
contribution o f binocular vision to the on-line control o f prehension does not 
necessarily require information about fixation distance. Horizontal disparities can 
provide information about the relative position o f the hand and target object, which 
could be used to guide the hand using a simple ‘ disparity nulling’ strategy (Glennerster 
et al., 1998; Mon-Williams and Dijkerman, 1999).
There is also strong evidence from physiological, neuropsychological and behavioural 
studies to suggest that binocular vision is important for optimal prehensile 
movements. Sakata and colleagues have conducted a series o f single-cell recording 
studies in primate posterior parietal cortex, which strongly suggest that binocular 
information is important in coding fundamental properties o f objects for grasping (see 
Sakata et al., 1999, for a review). In several studies, they examined the properties o f 
hand-manipulation-related cells in the anterior intraparietal area (AIP), which were 
highly selective for 3-D  shapes such as a lever or a flat plate (Taira et al., 1990; Sakata 
et al., 1992; Sakata et al., 1995; Murata et al., 1996). A  subset o f  these cells were 
found to respond to their ‘ preferred shape’ both when manipulating the object in the 
dark, and during fixation only, suggesting that they were important in matching the 
hand movement to the spatial characteristics o f the object to be grasped (Sakata et al., 
1995). Importantly, many o f the cells that were selective for a lever, or a flat square 
plate, also showed selectivity for the 3-D  orientation o f the stimulus. Further studies 
identified corresponding visual neurons in the caudal region o f the intraparietal sulcus
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(c-IPS area), which were selective for the 3-D  orientation o f the long axis o f a luminous 
bar (Kusunoki et al., 1993; Sakata and Taira, 1994), and for the 3-D  orientation o f a 
planar surface (Shikata et al., 1996). The majority o f these cells responded much less 
strongly under monocular viewing conditions than under binocular viewing conditions. 
Also, using stereoscopic displays, their orientation selectivity was found to result 
from sensitivity to binocular disparity (Kusunoki, Tanaka, Shikata, Nakamura and 
Sakata, 1996; Shikata et al., 1996; Sakata, Taira, Kusunoki, Murata, Tanaka and 
Tsutsui, 1998). Sakata et al., (1999) have suggested therefore that area c-IPS may be a 
"higher order centre for stereopsis" (p 168), which represents the 3-D  features o f  
objects for manipulation, and sends this information to area AIP for the control o f  
hand movements.
Further evidence for the role o f binocular information in the control o f prehension 
comes from neuropsychological studies o f  visual form agnosic patients. Dijkerman et 
al. (1996) examined the ability o f D .F., and three age- and sex-matched control 
subjects, to orient their thumb and index finger appropriately when grasping the edges 
o f a square ‘tile’ that was placed at several different orientations in depth, both under 
monocular and binocular viewing. Under binocular viewing, both D.F. and the control 
subjects orientated their grip appropriately with the orientation o f the object. This is 
consistent with previous findings suggesting that her visuo-motor abilities are largely 
spared (see earlier). However, when only monocular information was available, her 
performance deteriorated markedly relative to the controls, who still showed a good 
correlation between their grip and the orientation o f the object. Similar findings were
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reported by Marotta, Behrmann and Goodale (1997), who studied the ability o f  D .F ., 
and another visual form agnosic patient (J.W.) to reach for and grasp different sized 
oblong blocks at various distances, under binocular and monocular viewing. They 
found that under binocular viewing conditions, the peak grip apertures produced by  
both subjects scaled normally with object size, and were unaffected by object distance. 
Under monocular viewing conditions however, both patients showed severely 
disrupted grip aperture scaling. They produced smaller grip apertures to objects 
positioned further away, suggesting that in the absence o f binocular information they 
were scaling their grip apertures with retinal size rather than the size o f  the object.
O f course, it should not be inferred from the neuropsychological studies that the 
control o f  prehension in neurologically intact subjects is critically dependent on 
binocular information (as argued earlier, with respect to the proposed perception- 
action distinction). Indeed, Sakata et al. (1999) suggested that inter-connections 
between the inferotemporal cortex and area AIP (Webster et al., 1994) might support 
the integration o f monocular and binocular cues for the control o f hand manipulation. 
A  key question, therefore, concerns the contribution o f binocular information to the 
control o f everyday prehensile movements? Surprisingly few studies have 
investigated the role o f binocular information in the control o f prehension in 
neurologically intact subjects. The first such study was conducted by Servos et al. 
(1992), who compared kinematic indices o f movements made under binocular and 
monocular (one eye covered) viewing. Subjects made prehensile movements made to 
several different sized objects, positioned at different distances, in the presence o f the
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normal, rich array o f monocular scene-based cues. Servos et al. (1992) found that 
‘monocular reaches’ showed lower peak wrist velocities, longer overall movement 
times and a longer deceleration phase than comparable ‘binocular reaches’ (see also 
Servos, 2000). They also found that the peak grip aperture was consistently smaller 
with monocular viewing (but see Jackson, et al., 1997, below), suggesting that 
binocular information is important in the control o f both the transport and the grasp 
component.
Servos and Goodale (1994) extended this original experiment by examining the 
contribution o f binocular information to the pre-planning and on-line control o f  
prehensile movements. Using liquid-crystal shutter glasses, they manipulated 
independently the availability o f binocular information before and after movement 
onset. In their first experiment, Servos and Goodale (1994) found that, following an 
initial binocular view, both peak wrist velocity and peak grip aperture were unaffected 
by the type o f on-line feedback available (monocular or binocular). However, subjects 
did show a prolonged deceleration phase o f the reach when only monocular feedback 
was available. In their second experiment, Servos and Goodale (1994) examined the 
effects o f feedback type following a monocular initial view. Once again they found no 
significant effects on peak wrist velocity or peak grip aperture. However, subjects 
again spent more time decelerating when only monocular feedback was available, 
suggesting that they were able to benefit from the introduction o f binocular 
information during the reach. Although their experimental design did not permit 
statistical comparisons between reaches executed with a binocular and with a
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monocular initial view, the data followed the same pattern as those reported by Servos 
et al. (1992).
This issue was also investigated by Jackson et al. (1997) using a similar method to 
Servos and Goodale (1994). They reported three experiments, each o f  which examined 
the effects o f eliminating binocular information either during the initial view o f the 
object, during the movement, or both. In general, they found that reaches executed 
with a binocular initial view and binocular feedback showed an ‘ advantage’ over 
reaches executed entirely with monocular viewing1-4. Similar to Servos et al.’ s (1992) 
findings, the elimination o f binocular information resulted in lower peak wrist 
velocities and longer deceleration times. The grasp component was also affected, 
although in contrast to Servos et al.’ s (1992) study, grip apertures were consistently 
larger  for monocularly guided reaches. Jackson et al.’ s design also enabled both the 
effects o f type o f initial view and o f type o f feedback to be analysed. In their first 
two experiments the initial view (binocular or monocular) was found to have no 
significant effects on the principal indices o f either the transport or the grasp 
component. However, the elimination o f binocular feedback generally resulted in 
longer movement times, lower peak wrist velocities, longer deceleration times and 
wider grip apertures. This is in clear contrast to the findings o f  Servos and Goodale 
(1994), reported above. However, in Jackson et al.’ s experiments the change in the 
availability o f feedback did not occur at movement onset but coincided with the start
14 Interestingly, in Jackson et al.’ s (1997) study the differences observed between reaches made with 
binocular viewing and with monocular viewing generally only reached significance when the target 
object was accompanied by an additional flanking object. This is discussed in more detail below.
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signal. Therefore the ‘ feedback’ manipulation may also have affected subjects initial 
view. In a third experiment Jackson et al. (1997) repeated their previous design, but 
changed the available feedback at movement onset (cf. Servos and Goodale, 1994). 
This experiment produced a different pattern o f results, which suggested that on-line 
feedback might be selectively involved in the control o f the grasp. Peak velocities and 
time spent decelerating were not affected significantly by the elimination o f binocular 
information, either in the initial view or during the movement. However, in contrast to 
Servos and Goodale’ s (1994) results, grip apertures were consistently larger when 
binocular feedback was unavailable.
Taken together, the results o f  these behavioural studies clearly suggest that eliminating 
binocular information can affect both the transport and  the grasp components, during 
both the planning and  execution o f a normal prehensile movement. This augments the 
view that binocular cues are important in the control o f efficient prehension. Also, in 
a slightly different approach, Mon-Williams and Dijkerman (1999) investigated 
whether the angle o f convergence contributes to the control o f prehension. They  
selectively perturbed the angle o f convergence using prisms, which left the relative 
disparity information unchanged, and found that it influenced the transport but not the 
grasp component o f the reach.
In many previous studies however, the role o f binocular information could not be 
interpreted unambiguously, for several important reasons. For example, in Servos et 
al.’ s (1992) seminal study (and in most others) only a small number o f arbitrarily
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chosen object-distance combinations were used, and these were presented repeatedly 
over many trials. This raises the possibility, that the objects quickly became ‘ familiar’ 
to subjects, and therefore they might have learned the object’ s shape and/or distance as 
an invariant function o f its angular size or its projected binocular disparity. Indeed, 
Haffenden and Goodale (1997) have demonstrated that such learning is characteristic 
o f human reaching performance. Consequently it cannot be determined whether 
subjects’ performance was based on a visual analysis o f the metric properties o f  the 
object to be grasped on a trial by trial basis, or on learned information.
Another aspect o f Servos et al.’ s (1992) study (and again, o f most others) is that the 
contribution o f binocular information was assessed by examining subjects’ 
performance when binocular cues were subtracted from a rich scene, containing the 
normal array o f monocular cues. In this situation o f course, there are often sufficient 
sources o f information left to support prehensile movements, due to the redundancy 
o f visual information in the original scene. Indeed, Servos et al. (1992) only reported 
systematic biases produced by the elimination o f binocular information —  variability 
did not increase. Both the transport and grasp components o f  subjects’ movements 
continued to scale in the normal way with object distance and size, respectively, 
which clearly suggests that reliable information about the extrinsic and intrinsic 
properties o f objects could be specified by monocular information alone. It remains 
unclear then, whether the effects reported reflect the loss o f  critical depth information 
provided by binocular vision, or a switch to a more conservative ‘ strategy’ due to the
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loss o f the normal range o f visual cues. Another possible explanation is that 
performance under binocular viewing was enhanced by the effects o f binocular 
summation (Jones and Lee, 1981) —  the improvement in object detection which 
results from the statistical advantage o f having two eyes (see Green and Swets, 1966). 
However, it has been argued that improved object detection is unlikely to account for 
the effects observed in natural prehension as it occurs at threshold levels, and objects 
to be grasped are normally well above visual threshold (Mon-Williams and Dijkerman, 
1999).
With the foregoing arguments in mind, Chapter 4 assessed the role o f binocular 
information in the control o f  reaching and grasping by building on previous studies in 
two important ways. First, the object sizes and distances presented to subjects were 
carefully controlled, so that the angular sizes, and binocular disparities projected by 
the objects did not change systematically with object distance and size. Excluding 
these potential artefacts is necessary in order that differences between performance 
with monocular and binocular viewing may be interpreted unambiguously. Second, 
reaching performance was assessed not only under normal viewing conditions (cf. 
Servos et al., 1992), but also in impoverished viewing conditions, where the rich array 
o f monocular cues is not available. By presenting self-illuminated objects in an 
otherwise dark environment, it is possible to examine the influence o f binocular cues in 
near-isolation. This approach follows the logic o f traditional psychophysical 
investigations o f binocular vision (e.g. using random-dot-stereograms), and allows the 
properties o f  binocularly guided movements to be clearly determined. Not only
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should this serve to highlight the role o f  binocular' information but it also enables the 
relative contribution o f scene-based pictorial cues to be determined. By comparing the 
effects o f eliminating binocular information in the presence and absence o f scene-based 
information, the extent to which normal prehensile movements are dependent on 
binocular cues may be more clearly established. Based on the findings o f Chapter 4, 
this method is extended in Chapter 5 to investigate the contribution o f information 
from height in the visual field to the control o f prehension.
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1.4. The role of binocular information in the control o f prehensile 
movements in multiple-object scenes
An important feature o f almost all o f the behavioural studies o f  the role o f binocular 
information discussed earlier, is that the target objects were presented singly, on an 
otherwise empty table-top (Servos et a l, 1992; Servos and Goodale, 1994; M on- 
Williams and Dijkerman, 1999). In everyday life however, we rarely, if ever, interact 
with objects presented in isolation (Jackson et a l, 1995; Castiello, 1996; Jackson et 
al., 1997; Tipper et al., 1997; Kritikos et al., 2000). Instead, we are typically 
confronted with a cluttered scene containing a number o f objects, from which we wish 
to grasp one. A  number o f studies have reported that the presence o f additional non­
target objects significantly affected the movement parameters o f binocularly guided 
prehension (Jackson et al., 1995; Tipper et al., 1997; Bonfiglioli and Castiello, 1998; 
Tresilian, 1998; Kritikos et al., 2000). This raises the possibility that the contribution 
o f binocular information to the control o f normal prehensile movements has not been 
assessed fully by examining reaches to single objects, and the role o f binocular cues 
may be brought into sharp relief if  demands for relative information are present.
This contention is supported by the findings o f the study by Jackson et al. (1997), 
which suggest that prehensile movements are more dependent on binocular 
information when the object to be grasped is presented with an additional ‘ flanker’ . 
They compared monocular and binocular' prehensile movements to objects presented 
alone or in the presence o f one flanking object. Although they reported small 
differences when their objects were presented in isolation, the size o f the effects did
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not generally reach significance. However, when reaches were made to an object 
accompanied by a flanker (positioned 1 0  cm to the left or right o f the object), there 
was a clear advantage for movements executed with binocular feedback. Compared to 
‘monocular’ reaches, subjects’ deceleration times were shorter and their peak grip 
apertures were smaller.
It remains unclear why prehensile movements might be more dependent on binocular 
information in the presence o f just one additional object. Tipper and colleagues 
(Howard and Tipper, 1997; Tipper et al., 1997) have suggested that the effects o f  
flanking objects, which have been observed under normal viewing, reflect the operation 
o f attentional processes o f object selection. According to their view, the location and 
size o f both the target and flanking object are analysed, and produce competing 
responses in neuronal populations which code for the direction and amplitude o f the 
reach. Interference in a movement occurs as a result o f the change in the average 
responses o f these neurons, because o f the suppression o f the activation associated 
with the non-target. Accordingly if binocular information leads to greater precision in 
the encoding o f some aspect o f  the target and distractor the bias produced by such 
processes may be mitigated.
It should be pointed out that these effects have generally not been observed in 
situations where movements were completed at normal speed (i.e. non-speeded 
responses), and/or knowledge o f the object to be grasped was available prior to 
movement onset, due to a preview o f the stimuli (Chieffi, Gentilucci, Allport, Sasso
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and Rizzolatti, 1993; Jackson, et al., 1995; Castiello, 1996) (although Jackson et al., 
1995, did observe effects o f flankers for memory guided reaches). This might be 
significant as subjects in Jackson et al.’ s (1997) study had a 15 sec preview o f the 
scene prior to movement onset. It has been suggested that when a preview o f the 
object is available, the process o f  selection has been completed before the movement is 
initiated (Tipper et al., 1997) and so movement trajectories may not reflect the 
operation o f processes o f  attentional selection. Nonetheless, a recent study by  
Kritikos et al. (2000) found that the parameters o f  reaches executed at normal speed, 
and with a pre-movement view o f the stimuli, were affected by a different sized  
distractor. This suggests that the metric properties o f flanking objects may also be 
important under these conditions.
A  contrasting explanation o f the effects o f  flanking objects has been proposed by  
Tresilian (1998). He suggested that the effects result from the requirement to avoid 
colliding with non-target objects. In this view, flanking objects may affect reaches 
even if  they are not actual physical obstructions to the hand trajectory, as movements 
may be planned in order not to bring body parts within a minimum preferred distance 
from non-target objects. These are clearly rather different views o f the problem o f  
prehension in multiple object scenes, and distinguishing between them is outside the 
scope o f this thesis. However, both obstacle avoidance (Tresilian, 1998), and the 
inhibition o f competing responses in neuronal populations (Tipper et al., 1997) imply 
processing o f the spatial properties o f  the non-target object (including size and
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position), which as suggested earlier, might plausibly lead to an increasing dependence 
on binocular vision.
In the light o f the findings o f  Jackson et al. (1997), it is questionable whether 
conclusions as to the role o f binocular information in everyday prehension can be 
drawn from studies o f reaches to single objects. Examining the effects o f the presence 
o f multiple flanking objects on the role o f binocular information may therefore make an 
important contribution towards a more complete understanding o f the visual control o f  
prehensile movements.
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The final issue addressed in this thesis concerns the extent o f  the visual field from 
which information is available. Dolezal (1982) observed informally that wearing 
goggles which restricted the fields o f  view (FOV) o f both eyes to 12 degrees made 
familiar objects appear nearer and smaller, and caused significant ‘under-reaches’ to 
such objects. Furthermore, he reported that these effects persisted over prolonged 
periods. Although clearly o f theoretical interest, these observations also have 
important implications for the interpretation o f many studies o f  visually guided 
movement. In perception and action experiments the FOV is often reduced as an 
inadvertent consequence o f the experimental manipulation. For example, objects are 
commonly presented in occluded or textureless surrounds due to the use o f shutter 
glasses, small apertures or head mounted displays (e.g. Jakobson and Goodale, 1991; 
Servos and Goodale, 1994; Jackson et al., 1997; Bingham and Pagano, 1998) or as self­
illuminated objects in a dark viewing environment (e.g. Marotta and Goodale, 1998). 
If changes in the effective FOV affect the estimates o f size and distance used to 
control prehension in addition to any experimental condition, this must be taken into 
account when interpreting the results o f  studies which have manipulated the nature o f  
the visual information available.
Despite the potential implications o f Dolezal’ s (1982) observations, the effects o f  
varying the extent o f  the FOV on visuo-motor performance have only seldom been 
explored. One such study was conducted by Sivalc and MacICenzie (1990) who 
investigated the relative contribution o f central and peripheral vision to the control o f
1.5. The effects of restricting the field of view on prehension
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prehensile movements. They measured the ability o f subjects to reach for a small 
dowel, viewed binocularly, when either only the central 1 0  degrees o f each visual field 
were available or when they were occluded (i.e. peripheral vision only). They found 
that when only peripheral information was available, the kinematics o f  both the 
transport and the grasp components o f movements were disrupted whereas when only 
central information was available, only the transport component was disrupted. The 
fact that peak wrist velocities, for example, were slower and occurred sooner than 
under normal viewing led Sivak and MacKenzie (1990) to conclude that the wrist 
velocity profiles produced with only central vision were consistent with motor 
programs based on their target objects appearing nearer than they actually were (see 
also Coello and Grealy, 1997). However, there are two important problems with this 
interpretation1-5. Firstly, Sivak and MacKenzie’ s (1990) study was designed to 
investigate the contributions o f peripheral and central vision to the overall execution  o f  
natural prehensile movements including, therefore, both the initial planning and on-line 
control o f reaches. Consequently subjects received both visual and tactile feedback o f  
their hand position relative to the target object. Under these conditions it is always 
possible to grasp the target object successfully and so absolute errors in estimates o f  
object distance and size cannot be determined. Secondly, restricting the FOV changes 
the nature o f the on-line visual feedback available to subjects. For example if, under 
normal closed-loop viewing conditions, the target object is fixated, visual feedback 
about hand position is available from peripheral vision before and throughout most o f  
the movement. However, if only central vision is available because o f a restricted
15 Note that these problems also apply to the informal observations reported by Dolezal (1982).
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FO Y, visual feedback o f  hand position is unavailable until the very end o f the 
movement. Elliott (1988) varied the availability o f visual feedback from the target 
and/or limb during manual aiming movements, and found that vision o f the target was 
more important than vision o f the limb in determining endpoint accuracy. However, a 
study by Connolly and Goodale (1999) found that preventing subjects from viewing 
their moving limb, while still allowing vision o f the target object affected significantly 
the kinematics o f the transport component o f  prehensile movements. It remains 
unclear, therefore, whether the change in performance reported by Sivak and 
MacKenzie (1990) when a reduced FO V was used resulted from the target object 
appealing nearer, or from the change in the availability o f on-line visual feedback.
This suggests that in order to investigate whether estimates o f  object distance and size 
used to control prehension are affected by restricting the FOV, it is necessary to 
examine reaches when both vision o f the hand/arm and haptic feedback about the 
success o f the movement is prevented. Another particularly important question in the 
context o f this thesis, is whether the effects o f reducing the FOV result from changes 
in information available binocularly or monocularly. It was argued earlier that a useful 
insight into the role o f binocular information in normal subjects may be gained by  
examining prehension movements made with monocular and binocular viewing under 
reduced-cue conditions. In this situation, the FOV is effectively reduced by  
presenting self-illuminated objects in an otherwise blank visual field. This condition is 
intended to highlight the role o f binocular information in the control o f prehension. 
However, it is possible that reducing the visual field size o f each eye might affect our
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ability to exploit binocular information to accurately control reaching. A s described 
earlier, in order for absolute depth relations to be specified, horizontal disparities have 
to be calibrated using an estimate o f  the distance to some point in the scene (Foley, 
1980; Rogers and Bradshaw, 1993). The use o f vertical disparities may be o f  
particular interest in this context as their influence has been shown to vary as a 
function o f FOV (Rogers and Bradshaw, 1995; Bradshaw et al., 1996). This raises the 
possibility that a manipulation intended to remove monocularly available scene-based 
pictorial cues may also serve to disrupt the ability o f the system to extract usefiil 
information from binocular cues, potentially confounding the interpretation o f the 
results.
The experiments reported in Chapter 7 investigate systematically the effects o f 
restricting the FOV on estimates o f  object distance and size used to control reaches, 
and examine whether any effects result from changes in information available 
binocularly. Although these experiments are primarily motivated by methodological 
concerns, establishing the effects o f  changing the FOV may also provide important 
theoretical insights into the types o f information used in the control o f prehension.
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Throughout this thesis, prehensile movements are discussed in terms o f separate 
transport and grasp components. Although this is primarily due to convenience in 
explanation, there is also strong evidence which suggests that the transport and grasp 
components may be independently controlled, although coupled, components o f a 
prehensile movement. This is briefly reviewed here.
The visuomotor channels hypothesis
At a descriptive level prehension can be said to consist o f a hand transport 
component, and an object manipulation or grasp  component (i.e. a reach and a grasp). 
In a highly influential paper, Jeannerod (1981) proposed that the transport and grasp 
are not merely descriptive, but reflect the underlying organisational principle o f  
prehensile movements (see also Arbib, 1981). He suggested that the transport and the 
grasp components are controlled by separate ‘visuo-motor channels’ , which map onto 
distinct neural substrates. These are separate functional modules responsible for the 
independent, parallel processing o f visual information about extrinsic object properties 
such as spatial location (for control o f the transport component), and intrinsic object 
properties such as size, and shape (for control o f the grasp component) (see also 
Jeannerod, 1984,1988).
These conclusions were based in part on the analysis o f  kinematic parameters o f  
natural prehensile movements. Jeannerod (1981 ,1984) found that kinematic indices o f  
the transport component, such as peak velocity o f  the wrist, increased systematically
1.6. The organisation of prehensile movements
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with increasing object distance, although they did not vaiy with object size (see also 
Wallace and Weeks, 1988). He also found that the peak opening o f the grip (prior to 
contact with the object) increased systematically with increasing object size, and yet 
was unaffected by object distance (see also Gentilucci et al., 1991). More 
significantly, he also found that when the size o f  the object was unexpectedly changed 
during the movement, although grip size was rearranged accordingly, the transport 
component was unaffected, suggesting that the two components might be planned and 
executed independently. This is supported strongly by physiological and 
neuropsychological evidence. Distinct visuo-motor areas have been identified which 
are concerned with the control o f proximal (reaching with the arm) and distal (hand 
manipulation) movements (Gentilucci, Fogassi, Luppino, Matelli, Camarda and 
Rizzolatti, 1988; Sakata, Taira, Mine and Murata, 1992; Sakata and Taira, 1994). 
Also, Gallese and colleagues have shown that reversible inactivation o f regions o f the 
anterior intraparietal area produces deficits in pre-shaping o f the grasp while leaving 
reaching unaffected (Gallese, Murata, Kaseda, Niki and Sakata, 1994). In humans, 
Jeannerod, et al. (1994) reported the neurological patient (A .T .) with a lesion in the 
occipitoparietal region, who showed normal reaching performance despite the fact that 
her grasp formation was impaired.
Coordination o f  the transport and grasp components
An important feature o f the visuo-motor channels hypothesis is that prehension is 
segmented into two functional modules which are parameterised and controlled in 
parallel (Jeannerod, 1981). This implies that information is not passed between the
38
two channels. However, it is clear that some form o f coordination is required between 
the transport and grasp components in order that the closing o f the grasp coincides 
with the hand reaching the object. Indeed, kinematic studies have shown that 
‘ landmarks’ such as peak grip aperture are reliably phased with the occurrence o f 
indices o f the transport component, such as peak wrist velocity (Jeannerod, 1981, 
1984).
Jeannerod (1981) suggested that this synchrony is achieved through the organisation 
o f  the two components within a common temporal framework. However, the results 
o f  several studies which have unexpectedly perturbed object location or size suggest 
that the transport and grasp may be more strongly interdependent than at first thought 
(Paulignan, MacKenzie, Marteniuk and Jeannerod, 1991a; Paulignan, Jeannerod, 
MacKenzie and Marteniuk, 1991b; see also Jeannerod, 1981; Castiello, Bennett and 
Stelmach, 1993). However, Paulignan et al. (1991a, 1991b) found that adjustments to 
the transport component (as a consequence o f changes in object location) occurred 
within 100 msec o f movement onset, whereas adjustments to the grasp (as a result o f  
changes in object size), occurred at an average o f  330 msec after movement onset (see 
also Gentilucci, Chieffi, Scarpa and Castiello, 1992;). These differences are consistent 
with the view that information about extrinsic and intrinsic object properties is 
processed independently. Accordingly, Paulignan et al. (1991b) postulated the 
existence o f a separate coordination mechanism, which receives incoming information 
from the execution o f  the transport and grasp, compares it to a temporal plan o f the
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movement, and modulates the motor commands for each component so as to minimise 
the temporal mismatch between each component and the reference.
More recently however, Haggard and Wing (1995) questioned whether the transport 
and grasp components are only temporally coupled, and suggested that spatial 
information about the state o f  the transport component is available to the grasp 
channel, and is used to coordinate the two components (see also Kudoh, Hattori, 
Numata and Maruyama, 1997). They examined the effects on prehension o f 
mechanically perturbing the transport component, by pulling the arm backwards 
during the movement, using an electrically operated actuator and found that a 
compensatory change in grip aperture followed the mechanical perturbation o f the 
transport component. These adjustments appeared to return the coordination o f  
transport and grasp to the stereotyped pattern normally observed (thus, a strong pull 
backwards sometimes resulted in a temporary reversal o f the grip aperture movement). 
Analysis o f  the spatial parameters o f  the movements revealed that the magnitude o f 
the grip aperture adjustment was correlated with the magnitude o f  the transport 
component perturbation. Although these findings are not incompatible with separate 
neural substrates for transport and grasp, they argue against completely independent 
parameterisation for the two components, as proposed by the visuo-motor channels 
hypothesis. Therefore the extent to which the transport and grasp components o f  a 
prehensile movement can be described as independent remains unclear (also see Smeets 
and Brenner, 1999, for an alternative description o f the organisation o f a prehensile 
movement).
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Although the foregoing discussion has emphasised the role o f  the objects’ spatial 
properties in determining parameters o f  a prehensile movement, it is important to note 
that a number o f  other factors may also be important. Natural prehensile movements 
are seldom carried out in isolation, but form ‘nested actions’ in a wider ‘goal directed’ 
behavioural context (Jeannerod, 1997; Newell and Cesari, 1999). For example, 
differences have been found between prehensile movements executed towards a small 
disc depending on whether it was subsequently to be fitted into a small hole, or 
thrown into a bucket, despite the fact that the initial movement was the same 
(Marteniuk, MacKenzie, Jeannerod, Athenes and Dugas, 1987) The kinematic 
parameters o f  prehensile movements have also been found to vary as a consequence o f 
a range o f other operating constraints, including: the required speed or accuracy o f  the 
movement (Wing et al., 1986, Wallace and weeks, 1988); the instructions given to 
subjects (Fisk and Goodale, 1989); the perceived fragility o f  the object (Marteniuk and 
MacKenzie, 1990); expectations about (as well as the actual availability of) visual 
feedback (Jakobson and Goodale, 1991); and somaesthetic information obtained in 
previous trials (Gentilucci, Daprati, Toni, Chieffi and Saetti, 1995). However, as 
described above, the reliable scaling o f  movement parameters with object distance and 
size suggests that under constant experimental conditions, movement parameters are 
primarily determined by the metric properties o f  the object to grasped.
Effects o f non-spatial factors on movement parameters
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This thesis investigates a range o f  interdependent themes concerned with what type o f 
visual information is used in the control o f  prehensile movements, and whether it is 
represented in a similar fashion in the control o f  skilled actions as it is when we 
represent the world for perception. These questions are addressed in five empirical 
chapters. The first (Chapter 3) investigates how visual information for perception and 
visually guided action might be represented in the brain, by examining the relative 
effects o f  imposing a pre-response delay on performance on various perception- and 
action-based tasks. Chapter 4 investigates the role o f binocular information in the 
control o f prehensile movements. Binocular cues are typically considered paramount 
in the control o f  prehension, and their role is re-assessed here using carefully 
controlled methods adapted from traditional psychophysics. Building on the findings 
o f  Chapter 4, the work reported in Chapter 5 investigates the contribution o f 
information from height in the visual field to the control o f  prehension. Chapters 4 
and 5 examined reaches to single objects presented on an otherwise empty table top. 
In chapter 6, a more natural situation o f  reaching to an object presented in a multiple- 
object scene is considered. Again, Chapter 6 focuses on the importance o f  binocular 
information in the control o f  prehensile movements. Finally, Chapter 7 is concerned 
with the extent o f  the visual field from which information is available. Many studies 
o f visually guided action have inadvertently restricted the available field o f  view, 
which has potentially important consequences for the estimates o f  object size and 
distance used to control reaches. The experiments reported in Chapter 7 explore 
systematically the effects o f  restricting the field o f view on prehension.
1.7. S u m m a ry
4 2
C h a p te r  2
2.1. Overview
In most o f  the studies reported in this thesis, reaching performance was assessed by 
analysing kinematic indices o f  the 3-D trajectories o f  subjects’ movements. In some 
cases, where subjects pointed to 2-D targets, performance was determined using 
straightforward measures o f  endpoint accuracy. The majority o f experiments 
however, investigated natural reaching and grasping movements to solid objects. 
Under these conditions, when haptic and sometimes visual feedback about movement 
accuracy is available to subjects, the object can almost always be grasped successfully 
and so measures o f  endpoint accuracy may reveal little about subjects’ performance. 
The studies reviewed in Chapter 1 demonstrate that the analysis o f  various kinematic 
parameters o f natural prehensile movements can reveal important effects on reaching 
and grasping o f  manipulating visual information. This chapter describes the 
experimental methods used to record the 3-D trajectories o f  subjects’ prehensile 
movements in the present studies, and also details the dependent measures which were 
derived in order to evaluate subjects’ performance.
2.2. Movement recording
Subjects’ reaching movements were recorded using a MacReflex motion analysis 
system (Qualisys AB). This system used three high-resolution infra-red sensitive
Methods for the recording and analysis of prehensile
movements
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videocameras, connected to video processing hardware which calculated the 
instantaneous positions o f  small, spherical (12 mm diameter) infra-red reflective 
‘markers’ , which were attached to the subjects’ hands. Each camera emits pulses o f 
infra-red light, synchronised to the sampling rate o f the system. Due to the properties 
o f  the material covering the markers, they reflect this light only at the angle o f  
incidence (i.e. back to the camera), and the markers are therefore generally the brightest 
infra-red light source in the scene. The system automatically adjusts the gain on the 
cameras so that, provided there are no ‘ false’ reflections from other objects, the 
markers are the only detectable infra-red light sources in the scene. A 
‘videoprocessor’ connected to each camera calculates the 2-D coordinates o f  each 
marker within the camera’s field o f  view, by scanning the image pixel by pixel, and 
calculating the centroid o f  each marker location. The spherical shape o f  the markers 
means that their aspect does not change with different orientations, and so the centroid 
is a reliable indicator o f  the marker’ s position.
In order that the positions o f  the markers in 3-D space can be recovered from the 2-D 
coordinates from each camera, the workspace must be calibrated prior to data 
collection. To do this, the relative positions o f markers fixed to a ‘ calibration frame’ , 
comprised o f six markers fixed at known positions relative to one another, are recorded 
by each camera. Using this information, the system software calculates the position in 
space o f  each camera, relative to the calibration frame. Provided that the three 
videocameras are separated so that they give sufficiently different viewing angles, the 
2-D information from each camera can then be triangulated to recover the positions o f
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the markers in 3-D space for each recorded frame. The 2-D marker positions for every 
frame o f  each trial are stored on computer, and the 3-D coordinates are calculated off­
line.
In the experiments reported in this thesis, movements were recorded using a three 
camera MacReflex system21 operating at a sampling rate o f  120 Hz (one ‘ frame’ every 
8.33 msec)2,2. The camera configuration used is shown in Figure 2.1. Subjects were 
seated at a table and the cameras were mounted above them, on scaffolding attached to 
the laboratory ceiling.
Three MacReflex markers were attached to the hand; one on the nail o f the index 
finger, one on the thumbnail, and one on the head o f  the radius o f  the wrist. Subjects 
were always instructed to make a precision grip (Napier, 1956) and to use only their 
thumb and index finger to grasp the object. Recording the positions o f  markers at 
these locations allowed the velocity o f  the reach (wrist marker) and the grip aperture 
(distance between the thumb and finger markers) o f  prehensile movements to be 
determined. These were o f  principal theoretical interest. The markers were attached 
to subjects’ hands using double-sided tape, and they did not impede movement. Prior 
to testing, the subjects were placed so that their hand was positioned with the wrist in 
a neutral posture (neither flexed nor extended) with the index finger and thumb lightly 
touching, pressing down on a start button located under their chin, on the midline.
21 The data for the experiments reported in Chapter 4 were recorded using a two camera system. This 
was otherwise identical to the three camera system described.
2 2 Each ‘camera’ contained two individual videocameras, each operating at 60 Hz, which were time- 
interlaced to give an overall sampling rate o f  120 Hz.
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They were instructed to return to this position, holding down the button (which only 
required light pressure) after each trial. This served to maintain initial hand posture 
throughout testing, which has been shown to affect the kinematic parameters o f  
prehensile movements (Kritikos, Jackson and Jackson, 1998).
body midline
(a)
80 cm
(b)
F ig u r e  2 .1 .  Perspective view (a) and plan view (b) o f  the experimental set-up, 
showing the configuration o f  the three videocameras used to record subjects’ 
movements.
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The precision o f  the MaeReflex system was assessed using a procedure based on that 
o f  Haggard and Wing (1990). The 3-D distance between two markers separated by 
approximately 200 mm and fixed to a rigid body was recorded while the rigid body 
was moved in x, y  and z dimensions throughout the measurement space. The standard 
deviation o f  these measurements was always < 0.3 mm.
2.3. Experimental configuration
Figure 2.2 shows the general experimental configuration used for data collection. Each 
MaeReflex camera was connected to a video processor and these were connected to an 
Apple Macintosh 9600 computer, on which the data from individual trials were 
recorded. An Apple Macintosh 7600 computer, running custom software, and fitted 
with a digital input/output (I/O) card (National Instruments PCI 1200), was used to 
control the experiments on a trial by trial basis. This computer used the I/O card to 
monitor when the start button was released on each trial, in order to determine the 
time between the start signal and the subject initiating a movement (movement onset 
time). When the start button was lifted, a signal was sent to the MaeReflex system to 
initiate movement recording. One potential drawback o f this method o f  assessing 
movement onset time (and o f  initiating movement recording) is that subjects could 
potentially move their wrist/arm before releasing the start button, resulting in errors in 
onset time measures, and incomplete movement recordings. Inspection o f the first 
portion o f individual wrist velocity profiles (see Section 2.4.2) revealed that subjects 
typically began their movements on the release o f  the start button. Therefore it is 
unlikely that this introduced significant inaccuracies.
2.2.1. P rec is ion  o f  m o vem e n t re c o rd in g
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Recordings were always made for a fixed period o f three seconds, which was always 
longer than the duration o f subjects’ prehensile movements. The start button was also 
monitored to check whether subjects moved prior to the start signal, in which case the 
trial was considered void and was re-run at the end o f the experimental block. The I/O 
card was connected to the apparatus via a connection box which contained a series o f 
electronic relays. These could be switched on and o ff by the experimental software, 
and were used to operate other items o f  equipment in certain experiments. These 
included mechanical shutters which were used to control subjects’ view o f the stimuli, 
a lamp which was used to vary the illumination o f the scene, and a buzzer which
produced the start signal.
movement data
F ig u r e  2 .2 . Schematic diagram o f  the experimental apparatus. The solid black 
lines show connections for the movement recording system and the dashed lines 
show connections to and from the digital I /O  card (via a connection box) in the 
computer that controlled the experimental trials.
48
2.4. Dependent measures for prehensile movements
The raw data for each movement consisted o f  the 3-D positions o f  the three markers
for each frame o f  the recording period (i.e. the full 3-D trajectory o f each marker). 
These spatial position measurements (expressed in millimetres) are specified by the 
MacReflex system in a Cartesian coordinate framework. The x, y  and z position o f  
each marker was defined relative to the orientation o f  the calibration frame. To 
simplify data analysis in the present studies, the system was always calibrated so that 
the x, y and z dimensions corresponded to distance across the horizontal tabletop 
perpendicular to the subjects’ midline (x), distance across the tabletop along the 
subjects’ midline (y) and vertical distance orthogonal to the tabletop (z).
In certain experiments (e.g. Chapter 7) subjects reached to 2-D targets, and the 3-D 
spatial position measurements were used to determine endpoint accuracy. However, 
when subjects grasped solid objects, their prehensile movements were analysed using 
data collected throughout the movement trajectories. A range o f  dependent measures 
were used to characterise subjects’ prehensile movements. The computation o f  each 
o f  these indices is described below.
2.4.1. Movement onset time and movement duration
Movement onset time and the total duration o f each reach was determined. As 
described earlier, movement onset time was computed by measuring the time between 
the start signal, and release o f  the start button. In order to determine movement 
duration the end point o f  each prehensile movement had to be identified. In the study 
reported in Chapter 4, this was achieved by positioning microswitches beneath the 
objects which were released upon lifting up an object. The microswitches were
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connected to the I/O card, and the time at which the object was lifted was subtracted 
from the time at which the start button was released to give movement duration time. 
However, it was reasoned that this method might be unreliable under highly 
impoverished viewing conditions (e.g. Chapter 5), because subjects’ performance 
might be sufficiently inaccurate to cause them to collide with the objects, and therefore 
release the microswitch, before the object was grasped. For this reason, a method was 
developed to identify when a stable grasp had been achieved based on the spatial 
positions o f the MacReflex markers attached to the thumb and index finger, and an 
additional marker fixed to the object. When an object is grasped, the relative positions 
o f  these markers becomes constant. To identify when this occurred, the 3-D distances 
between the thumb marker and object marker, and between the index finger marker and 
object marker, were calculated for each frame o f the movement. Figure 2.3 plots 
examples o f these profiles, and shows the identification o f  the end point o f a typical 
prehensile movement. This was defined as the first frame o f  the first portion in which 
both o f  these profiles were flat for 50 ms (6 recorded frames)2'3.
As well as providing data about reaching performance as a whole, movement duration 
was used to normalise the time at which various markers (including peak wrist 
velocity, peak deceleration and peak grip aperture) occurred. This enabled the 
temporal organisation o f  reaches to objects at different distances, under different 
viewing, conditions to be compared.
2 3 Although the experiments reported in this thesis were designed to examine the effects o f  various
manipulations o f  visual information, subjects typically also received tactile feedback about the object 
(i.e. contact was made). It is important to note, therefore, that the movement end point described may 
well have included time during which the movement was entirely guided by haptic rather than visual 
feedback (particularly under highly impoverished conditions, it seems plausible that subjects may have 
moved until contact was felt between the thumb and the object, and then closed their grasp).
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F ig u r e  2 .3 . Determination o f  movement duration for a typical reach. The dotted 
line shows the distance between the thumb marker and the marker attached to the 
object. The solid line shows the distance between the finger marker and the 
object marker. The dashed line shows the movement end point.
2.4.2. Dependent measures for the transport component
The transport component can be described in terms o f the ‘velocity profile’ o f  the 
wrist throughout a prehensile movement. Typically, this is a smooth bell-shaped 
curve, that is roughly symmetrical, except for an extended ‘tail’ corresponding to the 
period o f  slow movement as the hand makes a final approach to the object (see Figure 
2.5a). Various ‘ landmarks’ can be clearly identified in this curve, which have been 
shown previously to be sensitive to properties o f  the object to be grasped. For 
example, peak velocity and peak deceleration have been found to increase 
systematically with increasing object distance under a variety o f  different viewing 
conditions (Jeannerod, 1981, 1984; Jakobson and Goodale, 1991; Servos, Goodale and 
Jakobson, 1992). Also, the time in the reach at which these landmarks occur has been 
found to be affected by manipulating the availability o f visual information (Gentilucci,
51
Toni, Chieffi and Pavesi, 1994; Berthier, Clifton, Gullapalli, McCall and Robin, 1996; 
Jackson, Jones, Newport and Pritchard, 1997).
In the present studies a range o f kinematic indices o f the transport component were 
derived from subjects’ 3-D movement trajectories, enabling detailed quantitative 
comparisons to be made between the nature o f  subjects’ prehensile movements under 
different experimental conditions. Peak wrist velocity, time to peak wrist velocity, 
peak deceleration o f  the wrist2-4, and the time at which peak deceleration o f  the wrist 
occurred were determined for each trial.
To determine the values o f  the various kinematic indices o f  the transport component 
velocity and acceleration profiles were calculated for each movement. In the present 
studies subjects always reached for objects positioned along the body midline, 
although they were sometimes placed at different heights above the table. Therefore 
to reduce noise in the profiles, the wrist marker positions in the x dimension (across 
the tabletop perpendicular to the midline) were not used. The tangential velocity was 
calculated based on the raw data for the wrist marker positions in the y  dimension 
(across the tabletop along the subjects’ midline) and the z dimension (vertical position 
orthogonal to the tabletop). These were then filtered using a zero-phase digital filtering 
algorithm, with a 12 Hz cut-off (Oppenheim and Schafer, 1986). Figure 2.4 shows an 
example o f the operation o f the filter on a wrist velocity profile. Note that the filter 
did not produce a phase shift and the amplitude o f  the signal was well preserved.
2 4 Peak acceleration o f  the wrist was also calculated for each trial. However, the values were not found 
to be independent o f  peak velocity. In all o f  the studies reported, peak acceleration was extremely 
highly correlated with peak velocity (r2 > 0.9, Pearson’ s product moment correlation), and so findings 
regarding peak acceleration are not reported separately.
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F ig u r e  2 .4 . Filtered and unfiltered wrist velocity profiles for a typical reach.
Figure 2.5 plots the velocity and acceleration profiles for a typical reach. These 
profiles demonstrate that peak velocity and peak deceleration are clearly identifiable 
points in a prehensile movement. Peak wrist velocity values were determined by 
selecting the maxima from the velocity profiles. Peak deceleration values were 
determined similarly by selecting the minima from the acceleration profiles. As 
movement recording was initiated at movement onset (by the release o f  the start 
button) the frame at which these markers occurred directly gave the time to peak 
velocity and time to peak deceleration. The length o f  the slow movement phase o f  a 
prehensile movement, as the hand makes a final approach to the object, has been 
shown to be sensitive to variations in visual feedback (Gentilucci et al., 1994; Berthier 
et al., 1986). Therefore in the present studies, ‘time in the slow phase’ o f  the 
movement was calculated by subtracting time to peak deceleration from overall 
movement duration (Figure 2.5).
53
time (msec)
(a)
0 200 400 600 800
time (msec)
F ig u r e  2 .5 .  Wrist velocity profile (a) and wrist acceleration profile (b) for a 
typical prehensile movement. The dashed lines show peak wrist velocity (a) and 
peak deceleration (b), and the times at which they occurred.
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The grasp component can be described by the profile o f the grip aperture between the 
thumb and the index finger. When preparing to grasp, the finger and thumb are 
typically first opened wider than the size o f  the object, and then closed to meet the 
object during the final phase o f  the movement (see Figure 2.6). The peak opening o f 
the grip aperture is a clearly identifiable landmark o f the grip profile, and has been 
found to scale systematically with object size along the dimension o f  the opposable 
grasp points (e.g. Jeannerod, 1984; Wing, Turton and Fraser, 1986; Gentilucci, 
Castiello, Corradani, Scaipa, Ulmita and Rizzolatti, 1991). Also the time in the reach 
at which this occurs indicates the relative timing o f the transport and grasp 
components (Paulignan et al., 1991b). Both peak grip aperture and time to peak grip 
aperture were determined for prehensile movements in the present studies.
To determine the values o f  the kinematic indices o f  the grasp component, the grip 
aperture profile was computed for each movement. To do this the 3-D distance 
between the markers on the thumb and index finger was calculated for each frame from 
the raw spatial position data, and filtered in the same manner as the velocity and 
acceleration profiles. Figure 2.6 shows a grip aperture profile for a typical movement. 
It is evident from Figure 2.6 that the peak opening o f the grasp is clearly identifiable, 
peak grip aperture was obtained therefore by searching for the maximum value in the 
grip profile, and the frame at which this occurred gave the time to peak grip aperture. 
As before, the time to peak grip aperture was normalised by movement duration. 
After each testing session, the 3-D distance between the markers was measured when 
the subjects’ index finger and thumb were touching. This baseline ‘ grip aperture’ was
2.4.3. D ependen t m easures fo r  the  g rasp com ponen t
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subtracted from subjects’ peak grip aperture values for each trial. This gave the actual 
separation o f  the pads o f  subjects’ fingers, and served to ensure that any differences in 
where the markers were attached to the subjects, and in the thickness o f  their fingers 
and thumbs, did not contribute to between-subject variability in grip apertures.
0 200 400 600 800 1000
time (msec)
F ig u r e  2 .6 . Grip aperture profile for a typical prehensile movement. The dashed 
lines indicate peak grip aperture and the time at which it occurred.
2.4.4. On-line corrections
In addition to the indices mentioned above, subjects’ prehensile movements were also 
inspected for evidence o f  on-line corrections to the movement trajectories. In the 
introduction to this chapter, it was suggested that kinematic indices are particularly 
useful for assessing the effects o f  manipulating visual information on prehension 
because absolute measures o f performance such as end point accuracy are not 
informative when the target object can always be grasped successfully. However, 
Marotta and Goodale (1998) found that under highly impoverished viewing
5 6
conditions, subjects’ occasionally show on-line ‘ corrections’ to their normally smooth 
movements, evident as additional maxima in their wrist velocity and/or grip aperture 
profiles (see Figure 2.7). The authors interpreted these as being due to incorrect initial 
estimates o f the properties o f  the target object, necessitating on-line changes in the 
transport and grasp trajectories in order to successfully pick up the object (see also 
Marotta, Kruyer and Goodale, 1998). The presence o f on-line corrections is 
potentially informative because, unlike changes in indices such as peak velocity, it 
represents a qualitative change in subjects’ performance, and suggests that the normal 
efficiency o f  the movement has been impaired.
Subjects’ prehensile movements were inspected for evidence o f  on-line corrections by 
searching for additional maxima in the wrist velocity profiles and grip aperture profiles 
for each trial. Figure 2.7 plots representative examples o f  on-line corrections observed 
in the wrist velocity profile (Figure 2.7a) and the grip profile (Figure 2.7b). The value 
o f  this dependent measure was calculated by counting the number o f  trials in which 
on-line corrections were evident either in the transport or in the grasp component o f 
subjects’ movements. As the wrist velocity profiles were based on the tangential 
velocity o f  the wrist in the y  and 2 dimensions, it is possible that additional maxima 
may simply have indicated a wrist rotation at the end o f  the movement, rather than an 
additional movement towards the object. To control for this, velocity profiles for 
those reaches thought to contain on-line corrections were recalculated based only on 
data from the positions o f  the markers in the y  dimension (i.e. across the tabletop, in 
the direction o f the midline). Only those trials in which additional maxima were still 
evident in the one-dimensional profile were counted as on-line corrections.
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F ig u r e  2.7. Examples o f  on-line corrections in the wrist velocity profile (a) and 
grip aperture profile (b) o f  a prehensile movement.
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In the studies reported in this thesis the dependent measures used to assess subjects’ 
reaching and grasping performance included: (1) movement onset; (2) movement 
duration; (3) peak velocity o f  the wrist; (4) time to peak velocity (as a percentage o f 
movement duration); (5) peak deceleration o f  the wrist; (6) time in slow movement 
(defined as time spent after peak deceleration, as a percentage o f movement duration); 
(7) peak grip aperture; (8) time to peak grip aperture (as a percentage o f movement 
time); (9) number o f  on-line corrections. Where the analysis differed from the indices 
described above (e.g. when spatial measurements were used to evaluate subjects’ 
performance) these are described in the method sections for the individual chapters 
concerned.
The calculation o f  the various dependent measures was conducted using a custom 
analysis package developed in our laboratory, running in Matlab (The MathWorks, 
Inc.). This program automatically selected the relevant maxima/minima etc. for each 
trial. The analysis program also generated plots o f  each wrist velocity profile, wrist 
acceleration profile, grip aperture profile and ‘ end point’ profile. These were 
inspected visually for eveiy trial, to ensure that incorrect values were not selected for 
any o f  the dependent measures (due to problems such as missing frames etc.) and to 
ensure that all o f  the movements represented ‘normal’ reaches.
2.5. Summary
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Chapter 3
The effects of temporal delay on manual pointing and 
prehensile movements
3.1. Introduction
Although a single representation may be sufficient to support all our visually guided 
activity (Marr and Nishihara, 1978) an increasing amount o f  empirical evidence 
suggests that specialised processing pathways may exist to transform the visual array 
according to the demands o f a particular task (Bridgeman, Kirch and Sperling, 1981; 
Goodale, Milner, Jakobson and Carey, 1991; Milner and Goodale, 1995; see also 
Jeannerod, 1997). Perceptual tasks (e.g. judging the shape o f  a target) have been 
distinguished from action based tasks (e.g. interception o f  a moving target) and 
differences in performance between them have been interpreted as a functional 
manifestation o f  two quasi-independent processing streams (ventral and dorsal) arising 
from primary visual cortex and projecting to the temporal and parietal lobes 
respectively (see Milner and Goodale, 1995). Perhaps the major source o f  evidence 
for this distinction is from neuropsychology where a double dissociation has been 
found between optic ataxic patients (notably R.V. and A.T., Goodale, Meenan, 
Biilthoff, Nicolle, Murphy and Racicot, 1994b; Jeannerod, Decety and Michel, 1994) 
who can perform perceptual tasks but not visually guided behavioural tasks whereas 
others (notably the visual form agnosic patient D.F., Goodale et al., 1991) perform 
extremely poorly on perceptual tasks while able to perform relatively normally on a 
range o f visually guided tasks including prehension.
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In the intact brain, it is difficult to isolate skilled movement control from perceptual 
information, as the semantic properties o f  objects have been clearly shown to affect 
the selection o f  objects and how they are grasped (e.g. Jervis, Bennett, Thomas, Lim 
and Castiello, 1999). Indeed, interactions between the ventral and dorsal streams have 
been noted (Cavada and Goldman-Rakic, 1989; Andersen, Asanuma, Essick and Siegal, 
1990; Morel and Bullier, 1990; Webster, Bachevalier and Ungerleider, 1994) which 
may support the functional integration o f information (see also Jeannerod et al., 1994).
However, if  an anatomical division between visual processing for perception and 
action does exist it should be reflected in the behaviour o f  neurologically normal 
subjects under certain situations. As reviewed in Chapter 1, the major paradigm used 
to investigate this issue has been to compare the susceptibility o f action- and 
perception-based responses to visual illusions. At best, results from this approach are 
equivocal. Aglioti, DeSouza and Goodale (1995), for example, found that the effect o f  
the Ebbinghaus illusion on perceptual judgements was much larger than the effect on 
the grasp (see also Haffenden and Goodale, 1998). However, Franz, Gegenfurtner, 
Biilthoff and Fahle (2000) suggested that this study was biased in favour o f  finding 
differences between perception and action as the perceptual condition was directed at 
two stimulus configurations whereas the grip-scaling task was directed at only one. 
They reported that when this was equated, illusions influenced grip apertures to a 
similar extent as the effect recorded perceptually (see also Pavani, Boscagli, Benvenuti, 
Rabuffetti and Fame, 1999; Vishton et al., 1999). However many o f the counter 
examples also suffer from methodological problems o f  their own (Haffenden and 
Goodale, 2000; Haffenden, Zavitz and Goodale, 2000). In addition, perception-action
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differences can also be veiy subtle (e.g. Brenner and Smeets, 1996; Jackson and Shaw,
2000).
With the forgoing arguments in mind, the study reported in this chapter set out to 
contrast visually modulated behaviour in two experiments. The first experiment 
compared perception and action-based responses and the second compared the 
transport and grasp components o f  a natural prehensile movement. Neither compare 
the conditions directly but rather determine the relative effects o f  imposing a range o f 
pre-response delays. The effect o f  temporal delay in these experiments is interesting 
from a theoretical point o f view as Milner and Goodale (1995) suggested that the 
perception-action division may be manifest in the temporal nature o f  the tasks each 
system supports. When we move through the world perhaps to grasp an object, 
extrinsic object properties such as the relative distance and orientation o f our body 
parts and objects in the world constantly change and so have to be calculated and 
updated as rapidly as possible. The pathway specialised for this task, therefore, may 
have little interest in the retention o f  information over time due to its emphasis on 
rapid computation (Goodale, Jakobson and Keillor, 1994a; Milner and Goodale, 1995; 
Graham, Bradshaw and Davis, 1998; Hu, Eagleson and Goodale, 1999). In contrast, 
the pathway specialised to perceive and represent the world may emphasise 
constancy and durability o f  information as it is desirable for the system to represent 
intrinsic properties o f  the world, such as the shape or the size o f  objects, in a viewer 
independent maimer which does not change with ego-motion (Milner and Goodale, 
1995; Graham et al., 1998).
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Temporal effects have been found to alter the relative effects o f  visual illusions on 
perception- and action-based responses. For example, when Wong and Mack (1981) 
imposed a delay in response in their illusory/real motion displays, the direction o f the 
saccadic movement was no longer accurate, but reversed to be consistent with the 
direction o f  illusory motion. This suggests that the system controlling the saccadic 
eye movements has only a very limited memory and after a short delay it must rely on 
information from the perceptual system. Similar effects were observed by Bridgeman 
et al. (1981) in their directional pointing task after the imposition o f  a short delay.
The division between extrinsic/intrinsic information is useful as it maps on to the 
division between the relatively independent, although coupled, components o f a 
prehensile movement: the transport component and the grasp component (Jeannerod, 
1984; Jeannerod, 1988; Gentilucci and Rizzolatti, 1990; Sakata and Taira, 1994). To 
transport the hand in a particular direction, for a particular distance, extrinsic object 
properties are required whereas intrinsic properties are required to control the grip 
formation and to select grasp points etc. However, although both are ‘action’ tasks, 
the computation o f intrinsic object properties shares many characteristics with those 
thought to be computed by the perceptual system. Although the evidence to support 
a general perception-action distinction is impressive, as introduced in Chapter 1, it 
may still be useful in considering the intact brain to classify different tasks in terms o f 
their informational constraints. Temporal delay seems to hold promise o f being able 
to assess aspects o f this distinction. The first experiment examined the relative effects 
o f temporal delay on perception-action performance in the reproduction o f 
remembered locations (see Gentilucci andNegrotti, 1994). The same information is
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required in each case: the extrinsic object properties o f  ego-centric distance and 
direction. The second experiment determines the effect o f  temporal delay in a single 
action based task —  prehension. This task has two components, the transport and 
grasp, which require extrinsic and intrinsic object properties, respectively. Therefore 
the first experiment contrasts the two putative visual systems in a task that requires 
the same type o f  information and the second, contrasts the type o f information 
required to support two sub-components o f  the same system. Both experiments were 
derived in the light o f  Milner and Goodale’s (1995) model o f perception-action 
differences.
3.2. Experiment l 3'1
An effective way to study the mechanisms underlying perceptual and visuo-motor 
control is to measure errors in the reproduction o f remembered locations (Elliott and 
Madalena, 1987; Soechting and Flanders, 1989; Gentilucci and Negrotti, 1994). 
However to date no study has explicitly compared perceptual and visuo-motor 
performance explicitly as a function o f  pre-response delay. This is the purpose o f 
this experiment.
There is some evidence that accuracy in the reproduction o f a remembered location 
may vary according to the experimental task. Gentilucci and Negrotti (1994) required 
their subjects to reproduce the distance between a fixed point and a target, located at 
several distances, by either (z) pointing to the target’ s remembered location or (ii)
3-1 J.K. Graham assisted in the data collection for Experiment 1. A  subset o f the data were reported in 
Graham, J.K. (1999) Unpublished M Phil. thesis. The data analysis and interpretation presented here 
were conducted by the present author (S.J. Watt),
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matching its remembered location by directing a laser pointer to it. Although no 
difference in accuracy was found between the pointing and matching responses, the 
former task revealed underestimates o f  distance for short distances and overestimates 
for longer ones whereas the latter task produced over-estimates for all target locations. 
Although interpreted as evidence for the perception-action dichotomy, other 
differences between the conditions existed which may have selectively altered 
performance. The terminal position o f  each setting was only visible in the matching 
task, and preventing sight o f  the hand has been found to reduce the accuracy o f 
pointing movements (Elliott and Madalena, 1987). Elliott and Madalena (1987) 
investigated the effects o f a 2, 5 or 10 second pre-movement delay on the accuracy o f 
pointing movements. Each delay caused a large increase in error in terms o f  the 
distance reached while directional error was relatively unaffected (see also Graham et 
al., 1998). All delays produced effects o f  a similar magnitude which suggests that a 
visual representation o f  the environment is available to control pointing movements 
for up to 2 seconds. This result is reminiscent o f  those discussed above concerning 
how the introduction o f  a temporal delay affected the response to visual illusions 
stimuli and work on the visual control o f locomotion (Thompson, 1983). The results 
in each instance suggest that a representation o f  the environment suitable for the 
control o f a range o f action-based responses persists for only a brief period o f time. 
Unfortunately, no data is available from Elliott and Madalena (1987) concerning 
variable error. Comparing constant and variable error is important as the rapid 
decrease in pointing accuracy may be attributable to different effects. For example, 
the putative underlying visual representation may either degrade resulting in a loss o f
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precision (with a constant mean), or it may undergo a systematic distortion resulting 
in biased responses (with constant precision).
The differential effect on amplitude and direction found by Elliott and Madalena 
(1987), although consistent with physiological evidence (e.g. Georgopoulos, De Long 
and Crutcher, 1983; Georgopoulos, 1990), may be underestimated due to the repeated 
presentations o f  only two locations both placed at the same distance from the head 
(hand starting position was varied) on the midline (see also Chieffi and Allport, 1997). 
The change in performance with delay may also have been due to the loss o f 
information regarding the position o f the unseen hand (which may cause a change in 
bias and/or precision). The present study draws on the design o f  both Elliott and 
Madalena (1987) and Gentilucci and Negrotti (1994) to examine the relative effects on 
the direction and amplitude o f  perceptual and pointing responses using pre-response 
delays o f  0, 1, 2 or 4 seconds. However, although the perceptual matching task is 
based directly on that o f  Gentilucci and Negrotti (1994), the pointing task was 
performed in two conditions: an open-loop condition and a condition where feedback 
about the movement o f  the hand was provided (using a luminous marker on the finger). 
Nevertheless, no feedback about end-point accuracy was given in any condition. This 
too could have affected the magnitude o f  the errors determined by Elliott and 
Madalena (1987). The effect on pointing and perceptual matching responses were 
compared as a function o f  temporal delay. Constant and variable error were 
determined for both response types for a range o f temporal delays. Accuracy in the 
action task might be expected to decrease, particularly after two seconds (Elliott and 
Madalena, 1987; Graham et al., 1998) and, on the basis o f  the theoretical viewpoint
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postulated by Milner and Goodale (1995), we would expect that errors in the 
perceptual condition would be constant for an extended period. The predictions for 
variable error are less obvious. It should increase in the action task after a short period 
but, if  control o f  the action movement is mediated by the perceptual system (Goodale 
et al., 1994a), then variable error may stay fairly constant.
3.3. Experiment 1: M ethod
3.3.1. Subjects
Ninety two adult volunteers (28 males and 64 females; mean age = 25.9 years) 
participated in the experiment and were randomly allocated to one o f  12 experimental 
conditions (one group had only 2 subjects). All had normal or corrected to normal 
vision.
3.3.2. Apparatus and stimuli
Subjects were seated at a matt black table o f  approximately 80 x 80 cm. Head position 
was maintained by a chin and forehead rest. Subjects’ eye height was approximately 
30 cm above the tabletop. The starting position o f the hand, in the pointing trials, was 
a 2 cm diameter microswitch (start button) placed directly below the subjects’ eyes, 
on the midline. In the perception condition subjects grasped a laser pointer placed at 
the level o f  their eyes and to the right o f their head. The laser pointer was mounted on 
a spherical joint and was returned to a random start position between trials. Circular 
targets (3 mm diameter) were projected using laser-pointers to one o f six possible 
locations. The layout o f  the targets is shown in Figure 3.1. They were located either 
at 24 or 48 cm from the start button, either along the midline or at ±40° to it.
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F ig u r e  3 .1 . A  plan view o f  the layout o f  the target positions used. On each trial 
one position was randomly selected and illuminated by a laser pointer.
3.3.3. Design
The experiment employed a mixed factorial design. There were 4 pre-response delays 
(0, 1 2 or 4 seconds), and 3 response conditions (perception, open-loop pointing, 
closed-loop pointing) and 6 target positions. Delay and response type were between- 
group factors (12 groups) and target position was a within-group factor. Each subject 
completed 4 trials for each target position (24 trials per subject) and the order o f  
presentation o f  the targets was randomised.
3.3.4. Procedure
The 3 response types were as follows: (i) open-loop pointing where subjects were 
instructed to reach and point to the location o f  the target light at a natural speed and as 
accurately as possible using a small hand-held stylus; (ii) closed-loop pointing where 
subjects were instructed in the same way but the stylus was luminous and was clearly 
visible throughout the trial (although it provided virtually no ambient light); (iii) 
perceptual matching where subjects were instructed to direct the projected beam o f  a
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laser pointer to the location o f  the target as accurately as possible. The target was 
illuminated for 1 second (controlled by relays via a computer). An audible ‘beep’ then 
provided the signal for the subject to respond. This either coincided with the target 
being extinguished (0 second delay), or occurred after a delay o f  1, 2, or 4 seconds. 
Pre-response delays were timed and monitored (i.e. whether the subject moved prior 
to the ‘ start’ signal) by the computer.
In the pointing conditions the subject held the stylus in their preferred hand, with 
which they marked their terminal position on calibrated paper. In the perceptual 
matching condition the laser pointer used for matching was illuminated and flashed at
0.5 Hz after the delay period. The terminal positions were marked on the paper by 
the experimenter. The experiment was completed in total darkness. Only the laser 
pointers and the luminous stylus (where applicable) were visible to the subjects. No 
feedback was available to subjects about the accuracy o f their performance.
3.3.5. Data analysis
Amplitude (under/over shoot in mm) and direction (left/right o f  the target in degrees) 
errors were recorded for each trial. On the basis o f the studies discussed above, it was 
predicted that mean amplitude error in the pointing tasks would deteriorate after a 
short delay (Elliott and Madalena, 1987; see also Graham et al., 1998). However, 
performance in the perceptual matching condition was expected to persist across the 
range o f  delays tested (Milner and Goodale, 1995). Therefore, for each response type, 
three planned pair-wise comparisons were tested. These compared performance in the
1, 2 and 4 second delay conditions with the ‘baseline’ performance in the 0 second
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delay condition. As stated earlier, the predictions for variable error were unclear and 
so planned comparisons were not tested.
3 A  Experiment 1: Remits aed discussion
Figure 3.2 shows the error for responses to each target for all subjects in each o f  the 
three response conditions. The different pre-response delays are represented by 
different coloured symbols. Clearly there is a difference in the magnitude o f  the error 
found in the three conditions. In particular, for the open-loop pointing task, the 
magnitude o f  the error appears to increase with increases in the pre-response delay at 
the far distance. No such increase is evident for the perceptual matching task.
(a) distance (mm)
Figure 3.2. Mean response for each subject in the open-loop pointing (a) closed- 
loop pointing (b) and perceptual matching (c) conditions. The crosses show the 
target locations and the start button. Pre-response delay is indicated by the 
coloured key. See following page for (b) and (c).
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Both amplitude and direction errors for each response condition were entered into 
separate 3-way (delay x distance x direction) mixed measures analyses o f variance. 
Only the effects o f  delay are discussed in detail in this section. However, the 
ANOVA summary tables are presented in full in Appendix A.
Amplitude error
In the open-loop pointing task there was a significant main effect o f distance on 
amplitude error (F^29) = 108.9; P <0.05) which was greater for far targets (mean = 80 
mm) than for near targets (mean = 3 0  mm). This effect was found to interact 
significantly with pre-response delay (iq3 29) = 3.3; P < 0.05). Post-hoc Tukey’ s tests 
showed that, for the far targets, error increased significantly as the pre-response delay 
was increased (P <  0.05) whereas, at the near distance, delay did not affect the 
amplitude error. The difference in magnitude o f the error at the two distances is not 
surprising, given the relatively close distance o f the near targets and the lack o f  effect 
with delay for these targets is most likely attributable to floor effects. Errors for the 
near targets are therefore not considered further.
Figure 3.3 summarises the constant and variable amplitude error for the far targets
(collapsed across the three target directions) for each o f the response types. Figure
3.3a shows clearly that the bias in both pointing tasks was affected by delay whereas
the performance in the perceptual matching task remained relatively constant. This
was confirmed by the planned pair-wise comparisons. Accuracy declined significantly
(relative to the 0 second condition) in both the open- and closed-loop pointing tasks
after 2 seconds (P < 0.05). In contrast, the planned comparisons revealed no
significant effect o f delay in the perceptual matching conditions.
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(b)
Figure 3.3. Constant error (a) and variable error (b) in amplitude o f  responses as 
a function o f  delay for each viewing condition. Open-loop pointing is indicated 
by the filled circles, closed-loop pointing is indicated by the unfilled circles and 
perceptual matching responses are indicated by the filled squares. Error bars 
represent ±1 standard error.
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Variable error was analysed in a similar fashion to the means by entering the within- 
subject standard deviation scores for each response condition into separate 3-way 
(delay x distance x direction) ANOVA. This analysis showed that pre-response delay 
did not significantly affect sensitivity in any o f  the three response conditions (see 
Figure 3.3b).
Directional error
Bias and sensitivity in directional error for each response condition are plotted in 
Figure 3.4a and 3.4b, respectively. ANOVA revealed no significant effects o f  pre­
response delay either on constant or variable directional error and so these data are not 
discussed further.
delay (secs)
(a)
delay (secs)
(b)
Figure 3.4. Constant error (a) and variable error (b) in direction o f  responses as a 
function o f  pre-response delay for each viewing condition. Open-loop pointing is 
indicated by the filled circles, closed-loop pointing is indicated by the unfilled 
circles and perceptual matching responses are indicated by the filled squares. 
Error bars represent ±1 standard error.
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The marked difference in the results in the 4 second condition shown in Figure 3.3a 
may reflect an increasing importance o f  terminal position, or knowledge o f  hand 
position in the maintenance o f  amplitude accuracy with larger delays. To investigate 
this further another 16 subjects took part in the closed- and open-loop conditions with 
a pre-response delay o f 8 seconds. Results in the open-loop condition continued to 
asymptote whereas in the closed-loop condition error increased to 56 mm. Therefore 
the increase in accuracy in the closed-loop condition at 4 seconds may be due to 
random effects and not have any theoretical importance.
Summary
The introduction o f  a temporal delay affected the accuracy o f  the pointing, but not 
perceptual matching, responses. After only a 2 second delay, error in pointing 
responses significantly increased. This may reflect a critical temporal constraint 
which is only evident in the visuo-motor system (Thompson, 1983; Elliott & 
Madalena, 1987). Sensitivity remained invariant with the increases in temporal delay 
tested. In comparison with open-loop pointing, the closed-loop condition reduced the 
magnitude o f  pointing error but the same interaction with delay was observed. This 
suggests that the major source o f  the effect is not proprioceptive error but loss o f 
knowledge o f  target location. However, the specific improvement in amplitude 
accuracy in the closed-loop condition may reflect the need for continuous visual 
feedback information regarding hand position for the control o f movement extent 
(Paillard, 1982; Elliott and Madalena, 1987).
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Experiment 1 showed clearly that a pre-response delay differentially affects our 
ability to reproduce a remembered location dependent on whether we are required to 
match the location with another or we are required to point to it. In the pointing task 
there was a significant decrease in accuracy after just 2 seconds. This is consistent 
with the theoretical consequences o f  the perception-action distinction proposed by 
Milner and Goodale (1995), as discussed above. In the real world, o f  course, visually 
guided aim movements are not usually directed at a point in space, but at an object 
which is to be grasped. Here the argument for controlling action using a single 
transient representation, computed at each moment in time, is less convincing because 
intrinsic properties o f the object to be grasped do not vary over time and may benefit 
from being represented in a more enduring form (see Jeannerod, 1997). As introduced 
above, extrinsic object properties are defined by the relationship between the object 
and observer (such as ego-centric distance and orientation) and so can change from one 
instant to the next whereas the intrinsic properties refer to the relatively stable 
properties o f the object itself (such as size, weight, colour or shape). Extrinsic object 
properties have been linked with the control o f  the transport component o f the reach 
and intrinsic object properties have been linked with the control o f  grip formation 
(Jeannerod, 1981, 1984; Gentilucci, Castiello, Corradani, Scaipa, Ulmita and 
Rizzolatti, 1991). Given that intrinsic information may share many o f  the properties 
associated with the perceptual system, the question addressed in the second 
experiment is whether the transport and the grasp component o f  natural prehension 
movements are similarly susceptible to the effect o f  pre-response delay. Prehensile
3.5. Experiment 2
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movements were recorded following delay periods o f  0, 1, 2 and 4 seconds in order 
that differences in the time course o f the effects o f temporal delay on kinematic indices 
o f the transport and the grasp could be determined. Hu et al. (1999) investigated the 
effect o f  pre-response delay o f  5 seconds on the formation o f the grasp and found that 
the maximum grip aperture was larger after the delay. Unfortunately, their design did 
not compare the effects o f object distance and object size. However their result 
suggests that grip aperture should be affected within the range o f  delays used here. 
The results o f  Experiment 1 suggest that the transport phase (i.e. to support pointing 
movements) may be affected significantly after only 2 seconds so the range o f  pre­
response delays used here should allow us determine the time-course o f the effects on 
transport and grasp.
3.6. Experiment 2: M ethod
3.6.1. Subjects
Sixteen right-handed adult volunteers (two males, and 14 females; mean age = 22.7 
years) participated in the experiment. All had normal or corrected to normal vision.
3.6.2. Apparatus and stimuli
Subjects were seated as described for Experiment 1. They reached to and picked up 
objects, the near edges o f  which were positioned along the midline at 25 and 40 cm 
from the start button. Stimulus presentation was controlled using mechanical shutters 
in front o f  each eye. The objects were three different sized black oblong wooden
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blocks, covered by randomly positioned blobs o f luminous paint (the blobs varied 
between 0.2 and 0.5 cm in diameter). All three objects were 6 cm wide and 2.5 cm 
high and their depths were 2, 3.5 and 5 cm (where depth refers to the objects’ size 
front-to-back, the dimension along which they were grasped).
Subjects’ movements were recorded in the manner described in Chapter 2. A three 
camera MaeReflex motion analysis system recorded the instantaneous positions o f 
infra-red reflective markers attached to the subjects’ thumbnail, the nail o f  their 
forefinger, and to the head o f  the radius o f their wrist.
3.6.3. Procedure
Each trial was completed in total darkness, so that only the luminous dots defining the 
target object were visible. Between trials the room was dimly illuminated, enabling 
positioning o f the target objects, and also allowing subjects to view the starting 
position o f their hand and aim. Prior to each trial, subjects were required to press 
down the start button with their thumb and index finger (which were lightly touching), 
ensuring that the starting position remained constant throughout testing. A  single 
target object was presented for two seconds by opening and closing the shutters. An 
audible ‘ beep’ then provided the signal to reach for the object. This either coincided 
with occlusion o f  the object (0 second delay), or occurred after a delay of 1, 2, or 4 
seconds. Under all conditions subjects received no visual feedback during the 
movement (i.e. visual open-loop conditions). Subjects were instructed to make quick, 
accurate and natural reaches with their right hand, and to pick up the objects with their
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thumb and index finger only, grasping the objects front-to-back.
Subjects completed three repetitions o f  each object/distance combination (3 x 3 x 2), a 
total o f  18 trials, under each delay condition. Trials were blocked by temporal delay 
and the order in which conditions were completed was counterbalanced. Within each 
delay condition, individual trials were blocked by repetition (i.e. blocks o f six trials 
consisted o f one repetition o f  each object/distance combination). In addition to the 
experimental trials, subjects completed a ‘ catch trial’ at a random point in each block 
o f  six trials, in which one o f  the objects was positioned at a randomly chosen distance. 
Performance in the experimental trials was compared with performance in this novel 
situation, to check that the experimental trials did not represent stereotyped 
responses. This analysis showed that the catch trials were affected in a similar fashion 
to the experimental trials. This suggests that the experimental trials represent 
independently programmed reach-to-grasp movements, and are not a consequence o f  
stereotyped reaches to remembered distances.
3.6.4. Pointing task
Kinematic indices o f the reach, such as peak velocity o f the wrist, do not provide an 
absolute measure o f  estimates o f  object distance. Therefore subjects also completed a 
pointing task, similar to that used in Experiment 1. Subjects were required to point 
with their index finger to the remembered location o f  the objects (defined as the centre 
along the midline) rather than reaching to grasp them. The object was removed 
immediately following occlusion by the shutters, in order that no feedback about 
accuracy was available. Subjects completed three repetitions at each o f the two
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distances (the middle sized object was used) in each delay condition. In addition they 
also completed two ‘ catch trials’ , in which the object was positioned at a random 
distance (as in the prehension task). Pointing trials were blocked by delay, and were 
completed immediately following the reaching and grasping trials in each delay 
condition.
3.7. Experiment 2: Results and discussion
The aim o f this experiment was to examine the effects o f pre-response delay on the 
control o f  the transport and grasp components o f  a prehensile movement, which are 
thought to depend on extrinsic and intrinsic object properties, respectively. The 
transport component o f  a prehensile movement can be characterised by the velocity 
profile o f  the wrist (see Chapter 2). Peak wrist velocity typically scales reliably as a 
function o f  object distance, with higher peak velocities achieved when reaching to 
objects located further away (Jeannerod, 1981, 1984). Conversely, the grasp 
component can be characterised by a grip aperture profile measured by the distance 
between the thumb and index finger throughout the movement (see Chapter 2). Peak 
grip aperture has been found to scale reliably with object size (in the dimension in 
which it is to be grasped), with larger maximum grip apertures produced when reaching 
to larger objects (Jeannerod, 1984; Gentilucci et al. 1991). Peak wrist velocity and 
peak grip aperture were determined for each experimental trial, in the manner described 
in Chapter 2. In the pointing task, distance reached was assessed by examining the 
terminal position o f  the marker attached to the index finger. The data for each 
dependent measure (collapsed across object size and distance) were entered into
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separate one-way (delay) analyses o f  variance. (A full analysis o f  the effects o f  delay 
x object distance x object size is presented in Appendix B.)
Transport component
Figure 3.5 plots the mean peak wrist velocities for reaches made in each o f  the four 
delay conditions. Figure 3.5 clearly shows that peak wrist velocity decreased with 
increasing pre-response delay. This was confirmed by the analysis o f  variance which 
showed a significant main effect o f delay on peak velocity (F^^s) = 4.2, P < 0.01). 
Post hoc Tukey’ s tests revealed that peak velocity was significantly slower (relative 
to the zero delay condition) after 2 seconds (P < 0.05). This result is similar to that 
reported in Experiment 1 and suggests that information about object distance is 
disrupted by the introduction o f a temporal delay.
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Figure 3.5. Mean peak wrist velocity as a function o f  pre-response delay. Error 
bars represent ±1 standard error.
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As described earlier, although peak wrist velocity varies reliably with object distance, 
it is not an absolute measure o f  the estimated distance to an object. In order to test 
that the lower peak velocities observed reflected a change in the underlying 
representation controlling the reach, and did not merely reflect uncertainty following a 
delay, subjects also completed the ‘pointing’ condition in which they were asked to 
point to where they had seen the object. The mean distance reached (as a percentage 
o f  the target distance) in the pointing task is depicted in Figure 3.6.
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Figure 3.6. Distance reached in the pointing task in each o f  the four delay 
conditions, expressed as a percentage o f  the target distance. Error bars represent 
±1 standard error.
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As in Experiment 1 distance reached decreased significantly with increasing delay 
(F(3,45) = 2.9, P < 0.05), although post hoc tests showed that in this experiment the 
effect on accuracy (relative to the zero delay condition) only reached significance after 
4 seconds (P < 0.05). Therefore it seems likely that the reduction observed in peak 
velocities represents an increasing tendency to underestimate object distance with 
increasing temporal delay. This is consistent with the notion that extrinsic object 
properties used to control the reach are not represented in an enduring form as 
introduced above.
Variability in performance was analysed by entering the within-subject standard 
deviation scores into a one-way (delay) analysis o f variance, which showed that 
variability remained consistent across delay conditions both for peak wrist velocity 
and distance reached in the pointing task. This suggests that the underlying 
representation for reaching is systematically distorted by increasing temporal delay.
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Figure 3.7 plots the mean peak grip apertures for reaches made in each o f  the delay 
conditions. Figure 3.7 shows that the magnitude o f the aperture increased slightly 
with increasing pre-response delay (approximately 3 mm). However, this effect was 
shown not to be significant (F(3j45) = 0.55, P >  0.05). Analysis o f  within-subject 
standard deviations also showed that variability in grip aperture was consistent across 
the range o f  delays tested. Taken together, these results suggest that information used 
to control the fonnation o f  the grasp is represented in a more enduring form than 
information used to control the transport component.
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F igu re 3.7. Mean peak grip aperture as a function o f  pre-response delay. Error 
bars represent ±1 standard error.
Number o f ‘corrections *
Qualitative changes in subjects’ reaches were also observed, which interacted
significantly with pre-response delay. Although subjects were always able to grasp
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the object, on a significant proportion o f  trials they initially reached to a point short o f 
the object and then made a small additional movements in order to successfully grasp 
it. These ‘ corrections’ were evident as additional peaks in the wrist velocity profiles 
(see Chapter 2). The mean proportion o f  trials in which this occurred was plotted for 
each delay condition and is presented in Figure 3.8. The incidence o f  these ‘under­
reaches' increased significantly with increasing temporal delay (^3 45) = 3.2, P < 0.05).
35
Figure 3.8. Number o f  ‘corrections’ as a function o f  pre-response delay. Error 
bars represent ±1 standard error.
3.7.1. Equivalent effect sizes
The dissociation o f  the effect o f  temporal delay on the transport and grasp 
components is potentially very important. However, before such a conclusion is 
accepted it is necessary first to consider whether the (non-significant) increase 
observed in grip aperture o f  approximately 3 mm is important. Obviously, grip 
aperture can only vary over a relatively small range compared to the range over which
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the transport component can vary. Before making the strong conclusion o f  a 
dissociation, therefore, it is important to compare the two indices on a common 
metric. To do this the data on grip aperture and wrist velocity were transformed in 
stimulus units (mm) by determining the magnitude o f ‘ stimulus change’ that would be 
required to produce a corresponding change in the grip or transport component. This 
was achieved by determining the relationship between distance and peak velocity and 
between peak grip aperture and object size in the zero delay condition (see Figure 3.9).
object distance (mm) object size (mm)
(a) (b)
Figure 3.9. The relationship between distance and peak velocity (a) and peak 
grip and object size (b) in the 0 second delay condition. The symbols show the 
mean response for each subject. The lines plot linear fits which were determined 
by least squares regression.
These data showed that in the zero delay condition, peak wrist velocity increased on 
average by 18.6 mms'1 per 1 mm increase in object distance and peak grip aperture 
increased by 0.47 mm per 1 mm increase in object size. These relationships were then 
used to determine the distance or size which corresponded to the velocity or grip
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aperture observed following the 1, 2 or 4 second pre-response delays. These derived 
measures are depicted in Figure 3.10 and are expressed as a proportion o f  the index in 
the zero-delay condition. Note that the parameters for the linear fit plotted in Figure 
3.9a cannot be estimated reliably, as they are based on data from reaches to only two 
object distances. Strong conclusions cannot, therefore, be drawn from the results o f  
the present analysis. However, peak wrist velocity has typically been found to vary 
as a linear function o f object distance (e.g. Jeannerod, 1984) and this analysis 
demonstrates how a direct comparison can be made between the effects o f  delay on 
the transport and grasp components o f a prehensile movement.
delay (secs)
F igure 3.10. Mean effects o f  pre-response delay on transport and grasp 
components expressed as percentage change in stimulus units (see above). The 
closed symbols indicate the transport component and open the symbols indicate 
the grasp component. The lines show linear fits determined by least squares 
regression.
8 7
Figure 3.10 suggests that when grip and transport are compared in this way the effect 
o f  delay is very similar in both domains, as indicated by the slopes o f the two 
functions. Figure 3.10 also illustrates the fact that as the transport component 
decreases the grip aperture increases (see also Figures 3.5 and 3.7). Therefore a simple 
size-distance scaling explanation cannot account for the effects reported. Individual 
plots o f  equivalent effects sizes for each object-distance combination showed that the 
effect on transport and on grasp did not co-vary closely as is perhaps suggested by 
Figure 3.10. Examples o f  these plots are shown in Figure 3.11. This suggests that a 
simple change in one domain did not cause a corresponding change in the other.
(a) (b)
Figure 3 .11. Effects o f  pre-response delay on transport and grasp components for 
the 2 cm object positioned at a distance o f 25 cm (a) and for the 2 cm object 
positioned at a distance o f  40 cm (b), expressed as percentage change in stimulus 
units (see above). The closed symbols indicate the transport component and open 
the symbols indicate the grasp component. The lines show linear fits determined 
by least squares regression.
The present experiments were designed to establish whether a pre-response delay 
affected perceptual and visuo-motor responses differently. The prime motivation 
behind this was the theoretical speculations o f Milner and Goodale (1995) concerning 
the putative perception and action processing streams. They reasoned that the 
perceptual system would represent information in a relatively stable and enduring 
form because intrinsic/semantic properties o f  objects do not change abruptly over 
time, whereas the action system would operate to update information as rapidly as 
possible because extrinsic information, such as the distance between the observer and 
objects in the world, changes with object and ego motion. Experiment 1 investigated 
whether the accuracy and precision o f  reproduced locations (Gentilucci and Negrotti, 
1994) varied as a function o f  temporal delay. Performance in the perceptual task was 
found to be invariant with delay whereas the magnitude o f  the error in the pointing 
task increased significantly after a delay o f  only two seconds (see also Elliott and 
Madalena 1987; Graham et al., 1998). This difference occurred despite the fact that 
each experiment was performed (as far as possible) under identical conditions. 
Experiment 2 investigated whether a pre-response delay affected similarly the grasp 
and transport component o f  natural prehension movements to a range o f objects 
presented at a range o f  distances. Although both are action based responses, it was 
hypothesised that information about intrinsic object properties, involved in the 
formation o f  the grasp, may be represented in a more enduring form (similar to the 
perceptual stream) than extrinsic information. However, although evidence was found 
which initially suggested that the effect o f  delay on the transport and grasp
3.8. General discussion
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components was dissociable, a re-analysis in terms o f  ‘ equivalent effect sizes’ 
suggested strongly that delay affected both by a similar amount. This analysis 
highlights the problems o f  comparing directly results from different domains (see also 
Vishton et al., 1999). Taken together, the findings from both experiments support the 
theoretical claims o f Milner and Goodale (1995) and suggest strongly that their 
perception-action distinction may be relevant for the functional organisation o f  the 
intact visual system.
Reaches made by the visual form agnosic patient, D.F. have also been examined using a 
pre-response delay o f  2 and 30 seconds (Goodale et al., 1994a). Although D.F. 
showed normal scaling o f  grip aperture with object size when the object was present 
during the reach, she showed no evidence whatsoever o f appropriate scaling after a 
delay. However, in this study the object was removed in the delay conditions (so- 
called pantomimed reaches) and therefore the lack o f haptic feedback may have 
contributed to this marked effect (see also Westwood, Chapman and Roy, 2000). 
Nevertheless D.F. appears to show no ability to retain useful information about object 
size for periods o f  2 seconds which is in agreement with the findings reported here. 
Similarly Hu et al. (1999) reported that the grip aperture o f neurologically intact 
subjects increased when they imposed a 5 second pre-response delay. They did not 
present objects at different distances and so any effect on the transport component 
was difficult to assess.
Previous studies have argued that differences between prehensile movements made
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with and without delay period reflect a ‘ switch’ to using the system specialised for 
perceiving the world (Goodale et al., 1994a; Hu et al., 1999). The data reported here 
suggested that this explanation may be too simplistic however, for two main reasons. 
Firstly, despite the marked decrease in accuracy in the first 2 seconds in the pointing 
and prehension tasks, the profiles o f  the reaching movements remained smooth and 
consistent. The shaping o f  grip-aperture also remained smooth. Therefore, although 
performance was increasingly biased with delay, there was no evidence to suggest that 
subjects became unable to do the task. This is supported by the fact that variable 
error did not change appreciably with increases in temporal delay either in the pointing 
tasks, or the prehension task. Secondly, although reaches in the pointing and 
prehension tasks were generally significantly affected after a 2 second delay, 
performance continued to show a downward trend over the period 2-4 seconds. In 
contrast, performance on the perceptual task remained consistent throughout the range 
o f  delays tested. Rather than suggesting a switch to another control system, these 
findings are consistent with the explanation that the underlying representation for 
reaching is systematically distorted by increasing temporal delay. There is also 
physiological data which is in keeping with this suggestion. Murata, Gallese, Kaseda 
and Sakata (1996) recorded the activity o f  hand-manipulation-related neurons in the 
anterior intraparietal sulcus (area AIP) o f  monkey parietal cortex, which have been 
shown to be selective for the 3-D shape, and size o f  objects (Taira, Mine, 
Georgopoulos, Murata and Sakata, 1990; Sakata, Taira, Mine and Murata, 1992; 
Sakata, Taira, Murata and Mine, 1995), during a delayed hand manipulation task. 
They found that many o f  these cells continued to show sustained activity during the 2
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second period following a 0.5 second illumination o f  the stimulus. They concluded 
that the activity o f  these neurons during the delay period was related to the 
representation o f  three-dimensional features o f the objects.
The analysis o f  prehensile movements in terms o f ‘ equivalent effect sizes’ suggested 
that the transport and grasp were equally affected by temporal delay. Nonetheless, 
the results o f  Experiment 2 also provide some evidence that the two components are 
based on different underlying representations. As mentioned previously, temporal 
delay led to increasing ‘under-reaches’ , whereas grip apertures increased. If the 
transport and grasp were based on a common representation, a reduction in distance 
reached might have been expected to be accompanied by smaller grip apertures (i.e. 
size/distance scaling). The ‘ equivalent effect sizes’ analysis also showed that the 
effects o f  delay on the transport and grasp did not co-vary, indicating that the change 
in one domain could not be attributed to the change in the other (e.g. a wider grip 
programmed to compensate for error in distance reached). This suggests therefore that 
delay per se affected the control o f  both the transport and the grasp.
The finding that both reaching and grasping were affected by pre-response delay, even 
though the grasp is thought to be based on viewer invariant, intrinsic object properties 
offers strong support for the general distinction between perception and action 
proposed by Milner and Goodale (1995). Caution must be exercised in drawing this 
conclusion, however. It has been argued that the simple classification o f the 
properties o f  stimuli into extrinsic and intrinsic properties used to control the 
transport and grasp, respectively, cannot easily account for all o f  the object properties
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that affect movement control. When subjects reach for an object, as well as moving 
their hand to the appropriate location in space and opening their grasp, subjects also 
rotate the hand/wrist in order to align the opposition space formed by the finger and 
thumb, with the object to be grasped (Stelmach, Castiello and Jeannerod, 1994; 
Desmurget, Prablanc, Arzi, Rossetti, Paulignan, and Urquizar, 1996). Some 
researchers have argued that orientation cannot easily be classified as either an extrinsic 
01* an intrinsic object property (Mamassian, 1997) and because many objects are 
asymmetrical, changes in object orientation can require either changes in grip aperture, 
the final position o f  the wrist, or both (Smeets and Brenner, 1999). In support o f  this 
some studies have found that object orientation affected both transport and grasp 
kinematics (Gentilucci, Daprati, Gangitano, Saetti and Toni, 1996b; Mamassian,
1997). The orientation o f an object relative to the observer clearly changes with ego- 
motion and therefore according to the logic set out in the introduction, both 
information for the control o f  the transport and the grasp component may need to be 
updated rapidly. This highlights the importance o f  knowing which properties o f  a 
stimulus drive the behaviour o f interest. It may prove interesting to investigate the 
representation o f other intrinsic properties o f objects which can affect reaching 
parameters (e.g. shape), to establish more clearly whether a general perception-action 
distinction is an appropriate way to consider the functional organisation o f  the human 
brain, or whether it remains useful to consider tasks in terms o f  the informational 
constraints involved in their completion.
In conclusion, this study clearly demonstrates that introducing a pre-response delay
affects performance on a perceptual and visuo-motor task differently. Reproduction
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o f distance by manual pointing was significantly affected after a 2 second delay, 
whereas performance on an ‘equivalent’ perceptual matching task remained consistent 
over the range o f  delays tested. Importantly, both the transport and grasp 
components o f  prehensile movements were also affected by pre-response delay, even 
though intrinsic information required for the grasp shares many o f the properties 
associated with the perceptual system (although see preceding paragraph). These 
results demonstrate that examining the temporal constraints involved in visually 
mediated tasks can offer important insights into their control processes. The findings 
reported here are consistent with the general distinction between vision for perception 
and for the control o f action proposed by Milner and Goodale (1995).
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Chapter 4
The role of binocular information in the control of prehension41
4.1. Introduction
As introduced in Chapter 1, in reaching to grasp an object in space, visual information 
is required to specify both the extrinsic and intrinsic properties o f  the object 
(Jeannerod, 1988). The division between extrinsic/intrinsic information maps onto the 
putative division between the relatively independent, although coupled, components 
o f  a prehensile movement: the transport component and the grasp component 
(Jeannerod, 1981, 1984; see Chapter 1). To transport the hand in a particular 
direction and for a particular distance extrinsic object properties (such as distance) are 
required whereas intrinsic properties (such as size and shape) are required to control 
the grip aperture and to select the most appropriate grasp points.
In normal, everyday visual scenes both the extrinsic and intrinsic aspects o f  objects 
and the layout o f their supporting surfaces, are specified by a multitude o f  different 
visual cues. Binocular cues however, are typically considered to be paramount in the 
control o f  reaching and grasping behaviour (Previc, 1990; Servos, Goodale and 
Jakobson, 1992; Mon-Williams and Dijkerman, 1999). One reason for this is that
41 The experiments reported in this chapter have been published in Watt, S J . and Bradshaw, M .F . 
(2000). Binocular cues are important in controlling the grasp but not the reach in natural prehension 
movements. Neuropsychologia, 38, 1473-1481.
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angle o f  convergence and binocular disparity, once suitably scaled, can be used to 
specify the full metric properties o f  the visual scene, including absolute distance, 
which is necessary in the planning and control o f  many typical reaches (Foley, 1980; 
Servos et al., 1992; Rogers and Bradshaw, 1993; Glennerster, Rogers and Bradshaw,
1998). There is also strong evidence from physiological, neurological and behavioural 
studies to suggest that binocular vision is important for optimal prehensile 
movements. Sakata and colleagues, for example, have shown that many disparity 
sensitive cells in the posterior parietal cortex o f  primates, which are involved in 
control o f  manipulation-related activity, are also selective for 3-D surface orientation 
and for object 3-D axis-orientation (Sakata and Taira, 1994; Kusunoki, Tanaka, 
Shikata, Nakamura and Sakata, 1996; Shikata, Tanaka, Nakamura, Taira and Sakata, 
1996; for a review see Sakata, Taira, Kusunoki, Murata, Tsutsui, Tanaka, Shein and 
Miyashita, 1999). In humans, Dijlcerman, Milner and Carey (1996) reported patient 
D.F., who despite being a profound visual agnosie could perform equally efficient 
prehensile movements when compared to ‘normal’ controls. When only monocular 
information was available however, her performance deteriorated markedly relative to 
the controls. There is also evidence to suggest binocular information is important in 
the control o f prehensile movements in normal subjects (see also Marotta, Behrmann 
and Goodale, 1997). In their seminal paper Servos, Goodale and Jakobson (1992) 
compared kinematic indices o f  movements made to grasp objects placed at different 
distances with either binocular or monocular (one eye occluded) viewing. They found 
that ‘monocular reaches’ showed lower peak wrist velocities, longer overall movement 
times and a longer deceleration phase than comparable ‘binocular reaches’ (see also
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Jackson, Jones, Newport and Pritchard, 1997; Servos, 2000). They also found that 
the maximum grip aperture was consistently smaller with monocular viewing (but see 
Jackson et al., 1997). The clear effects o f  the elimination o f binocular viewing in these 
experiments augments the view that binocular cues are pre-eminent in the control o f  
efficient reaching movements. In a slightly different approach, Mon-Williams and 
Dijkerman (1999) selectively perturbed the angle o f  convergence using prisms, which 
did not alter the disparity information and found that it influenced the transport but 
not the grasp component o f  the reach. In most o f  these experiments however, only a 
small number o f object/distance combinations were used and these were presented 
repeatedly over many trials. The possibility exists, therefore, that subjects quickly 
learned the object’ s shape and/or distance as an invariant function o f  its angular size or 
its projected binocular disparity. Indeed Haffenden and Goodale (1997) demonstrated 
that such learning is characteristic o f  human reaching performance. The initial purpose 
o f  the present experiment therefore was to review the relative performance o f  subjects 
to reach and grasp for objects viewed monocularly and binocularly when such 
strategies were prevented. To do this a set o f  objects was carefully selected so that 
some object-distance combinations projected the same binocular disparity (front-back) 
and other object-width combinations projected the same angular size at each o f the 
viewing distances used. Object height was randomised between trials. Therefore 
neither the width, height, depth or binocular' disparity o f  any object could be used to 
cue uniquely the object’ s identity or its distance.
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The present study, therefore, first re-examined the role o f binocular information in 
prehension, using a similar design to that o f  Servos et al. (1992) but excluding such 
potential artefacts so that any difference in monocular and binocular performance 
could be determined unambiguously. One aspect o f  this design is that when binocular 
cues are subtracted from a normal, rich scene there are often sufficient sources o f 
information left to support the behaviour o f  interest due to the redundancy o f  visual 
information in a typical scene. This is exactly what happens, o f  course, in the case o f 
monocularly guided reaching. A  simple experiment at one’s desk will demonstrate that 
efficient prehensile movements are still possible under monocular viewing. Indeed, 
Servos et al. (1992) only reported systematic biases produced by the elimination o f 
binocular information —  variability did not increase and kinematic indices continued to 
scale with object properties in the normal way —  which suggests that reliable 
information about the extrinsic and intrinsic properties o f objects could be specified 
by monocular information. Whether this reflects the pre-eminence o f  binocular cues in 
the control o f  reaching or a switch to a more conservative strategy due to the loss o f 
the normal range o f  visual cues remains unclear. Obviously other visual information 
can be used to specify the extrinsic and intrinsic properties to control behaviour as 
performance persists despite the perturbation.
The second aim o f the present experiment, therefore, was to address this issue by 
assessing reaching performance in impoverished viewing conditions where the rich 
array o f  monocular cues is not available. To accomplish this, subjects reached for self- 
illuminated objects, viewed monocularly or binocularly, in an otherwise dark room. In
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this condition many o f  the monocularly available visual cues are eliminated and so the 
influence o f  binocular cues on prehension can be examined in near-isolation (cf. the 
logic o f  random-dot-stereograms). Not only should this condition highlight the role o f 
binocular information but it also enables the relative contribution o f scene-based 
information in the control o f  prehension to be determined. Scene-based information 
refers to both the visual cues from the surrounding scene, and to the visual information 
regarding body position and ego-movement which is reduced in the unlit conditions 
(although feedback about finger, thumb and wrist position was provided).
In summary, the present study investigated the contribution o f  binocular viewing to 
the control o f  prehensile movements. Four viewing conditions were employed which 
varied monocular/binocular viewing in lit/unlit conditions. In one condition neither 
binocular nor scene-based information was available and so the principal cues to 
distance and size were retinal size, height in the visual field and accommodation. 
Therefore performance in this condition might be expected to be disrupted and the 
effect o f  the addition o f  binocular information may therefore be highlighted. The 
subtraction o f  binocular information from the lit viewing situation (cf. Servos et al., 
1992) may, however, yield only rather subtle effects, due to the remaining depth cues 
available. However in the present experiments, it is possible to exclude categorically 
that any preservation o f  performance is due to learned associations between the 
object-distance combinations and their projected angular size or binocular disparity.
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4.2. Method
4.2.1. Subjects
Ten right-handed adult volunteers (eight males, and two females; mean age = 29.2 
years) participated in the experiment. All had normal or corrected to normal vision 
and stereoacuities o f  at least 40 arcsec as assessed by TNO test (Alfred Poll Inc., NY). 
Nine subjects were right-eye dominant and one was left-eye dominant.
4.2.2. Apparatus and stimuli
Subjects sat at a matt black table approximately o f  80 x 80 cm. Head position was 
maintained using a chin rest. This was adjusted for each subject so that their eye- 
height was 29 cm above the table. The start point for each trial was a 2 cm diameter 
microswitch (start button) mounted on the table top, directly beneath the subject’ s 
eyes on the body midline. The experimental set-up is shown in Figure 4.1.
Figure 4.1. Diagram  o f  the experim ental set-up.
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Subjects reached to and picked up objects, the near edges o f  which were positioned 
along the midline at 30, 40.7 and 55 cm from the start (viewing distances to the top, 
front edges o f the objects were 36.6, 45.8 and 58.9 cm). Microswitches positioned 
beneath the objects were released upon lifting up an object, enabling the end o f  each 
trial to be determined. Between trials, subjects were prevented from viewing the 
stimuli by a mechanical shutter.
The objects were nine oblong blocks made from paper covered polystyrene sheet, 
weighted so that they each weighed the same amount (170 g). The height o f each 
object was 8 cm. There were three object depths (3, 4.4 and 7.1 cm) and three object 
widths (6, 7.5 and 9.7 cm), giving nine objects in all. The term ‘object depth’ refers to 
object size along the midline (i.e. front-to-back), while ‘ object width’ refers to object 
size perpendicular to the midline. The object depths were chosen so that certain 
combinations o f object depth and object distance projected the same binocular 
disparity front-to-back. Similarly, the object widths were chosen so that certain 
combinations o f  object width and object distance projected the same angular size. 
Table 4.1 shows the projected binocular disparities and angular sizes for each object- 
distance combination. In addition, the objects protruded through holes in a surface 
attached to the table top (see Figure 4.1). The height o f this surface was varied at 
random throughout the experiment, to prevent object height being used as a cue to 
distance (the start position o f  the hand was not varied). During trials the unfilled 
holes were covered with the surface material creating the appearance o f  objects o f
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various heights placed on the surface. Therefore neither depth, width or height o f  an 
object could specify its distance. The surfaces o f the objects were covered with 
randomly positioned blobs o f  luminous paint (the blobs varied between 0.3 and 0.9 cm 
in diameter), which remained visible in the lit conditions. Two different dot densities 
were painted on opposing surfaces o f  each object (approximately 1.0 cm"2 and 0.4 
cm" ). This enabled either dot density to be presented to the subject (at random), and 
so disrupted the use o f dot density as a simple distance cue. In the unlit conditions, 
the time during which objects were exposed to light between trials was randomised. 
This ensured that object luminance too (which varied randomly between 0.2 and 0.8 
cdnr2), did not vary systematically with object distance.
T a b l e  4 .1 .  T h e  b in o c u la r  d is p a r it ie s  (a )  a n d  a n g u la r  s iz e s  ( b )  p r o je c t e d  b y  ea ch  
o b je c t - d i s t a n c e  c o m b in a t io n .
(a) (b)
O b je c t
O b je c t  d is ta n c e  ( c m )
O b je c t
O b je c t  d is ta n c e  ( c m )
d e p th  ( c m )
3 0 .0 4 0 .7 5 5
w id t h  ( c m )
3 0 .0 4 0 .7 5 5
3 .0 38' 2 7 ' 1 7 ' 6 .0 9° 22' 7 °  3 0 ’ 5 °  5 0 '
4 .4 5 5 ' 38 ' 2 5 ' 7 .5 1 1 °  4 2 ’ 9° 22' 7 °  17 '
7 .1 1 ° 2 5 ' 6 0 ' 38' 9 .7 1 5 °  5 ’ 1 2 °  5 ' 9° 24'
Positions o f  infra-red reflective markers attached to the wrist, forefinger and thumb 
were recorded using a two camera MacReflex motion analysis system, as described in 
Chapter 2. In addition, as subjects would naturally have vision o f  their hand in the lit
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conditions, small patches o f  luminous material were attached to the thumb, forefinger 
and wrist to provide feedback o f hand/wrist position during the unlit conditions.
4.2.3. Design
Subjects reached to and picked up the objects in four different viewing conditions: (i) 
fully lit binocular viewing; (ii) fully lit monocular viewing; (Hi) unlit binocular viewing; 
(zv) unlit monocular viewing. The unlit viewing conditions were completed in total 
darkness. Only the luminous dots on the objects, and the luminous markers on the 
wrist, thumb, and index finger were visible. Under monocular viewing subjects used 
their dominant sighting eye, the other being covered by a patch. The scene 
surrounding the table contained a variety o f  items o f  laboratory equipment such as 
computers and camera tripods, which were clearly visible to subjects during the lit 
trials.
In total, subjects completed four repetitions o f  each object/distance combination ( 4 x 9  
x 3), a total o f  108 trials, under each viewing condition. These were divided up into 
blocks o f  54 trials (2 repetitions o f  each object/distance combination) and the order o f 
blocks was counterbalanced. Within each block, individual trials were randomised 
with the restriction that no two consecutive trials were the same.
Catch trials
The fact that in the experimental trials the objects were always presented at one o f 
three distances raises the possibility that subjects might learn the amplitude o f reach
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required to pick up objects at each viewing distance. Even a relatively crude estimate 
o f  object distance based on impoverished information might be sufficient to identify 
which o f  the three possible distances the object was positioned at. Subjects could 
then, in principle, produce an accurate movement based on previously learned 
information about object distance without depending on visual information available 
from trial to trial to precisely specify object distance. To check for this, at two 
random points in each block subjects completed a ‘ catch trial’ , in which the smallest 
object was aligned with one o f  the three distance positions (randomly selected) except 
it was shifted a few centimetres (at random) further from the start position than was 
normal. Prehensile movements in this unusual situation could then be compared to 
those from the main testing block. Due to the location o f  microswitches under the 
normal object positions, it was not possible to record movement duration data for 
these trials.
4.2.4. Procedure
Subjects were instructed to make quick, accurate and natural reaches with their right 
hand and to pick up the objects with their thumb and index finger only, grasping the 
objects front-to-back (i.e. a line drawn between thumb and index finger would be 
parallel to the body midline). Subjects were instructed to reach for and pick up the 
object as soon as it became visible (cf. Servos et al., 1992). Each trial was initiated by 
opening the mechanical shutter which was accompanied by an audible ‘beep’ . Prior to 
each trial subjects were required to press down the start button with their thumb and 
index finger, ensuring that their start position remained constant throughout testing.
1 0 4
The following dependent measures were derived from the 3-D coordinates o f the 
markers for each trial: (1) movement onset, defined as the time between the shutter 
opening/audible beep and the subject releasing the start button; (2) movement 
duration, defined as the time between releasing the start button and the time when the 
object was lifted (signalled by the microswitch under the object); (3) peak velocity o f 
the wrist; (4) time to peak velocity (as a percentage o f movement duration); (5) peak 
deceleration o f  the wrist; (6) time in slow movement (as a percentage o f movement 
duration), defined as the time spent moving after the time to reach peak deceleration; 
(7) peak grip aperture, measured as the maximum 3-D distance between thumb and 
index finger; (8) time to reach peak grip aperture (as a percentage o f  movement 
duration). The derivation o f each o f  these indices is described in Chapter 2.
4.3. Results
Individual mean values were calculated for each object by distance combination for 
each o f the four viewing conditions. For every dependent variable, the means for each 
subject were then entered into a 2 x 2 x 3 x 3 x 3  (binocular/monocular viewing x 
lit/unlit conditions x object distance x object width x object depth) repeated measures 
analysis o f  variance. Table 4.2 shows the overall mean and standard error for each 
dependent measure for each o f  the experimental conditions, as well as the F  values for 
the main effects o f  binocular versus monocular viewing and lit versus unlit viewing 
conditions. Full details o f  all main effects and interactions are presented in Appendix 
C. Post hoc Tukey’ s tests were conducted, where appropriate, to specify the nature
4.2.5. Dependent measures
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o f the effects. The results were also calculated separately for the conditions where 
object size or disparity by distance combinations led to equivalent retinal projections. 
In the event, however, these results did not differ from those summarised below based 
on the entire data set and so they are not referred to specifically.
T a b l e  4 .2 .  S u m m a r y  o f  e f fe c t s  o f  b in o c u la r  v s . m o n o c u la r  v i e w in g  a n d  lit  v s .
u n lit  v i e w in g  c o n d i t i o n s  o n  d e p e n d e n t  m e a s u r e s . T a b le  s h o w s  m e a n  v a lu e s , w it h
S E M  in  p a r e n th e s e s .
V i e w i n g  c o n d i t i o n F  s ta t is t ic s
D e p e n d e n t L it L i t U n l i t U n l i t B in o c u la r  v s . L i t  v s .  u n lit
m e a su re b in o c u la r m o n o c u la r b in o c u la r m o n o c u la r m o n o c u la r
m o v e m e n t  o n s e t 5 4 7 .9 5 4 4 .3 6 0 7 .7 6 2 1 .3 + 0 .9 )=  1.41 + 0  9) =  16.82
(m s e c ) (2 .5 ) (2 .7 ) (5 .0 ) (5 .3 ) n/s +  < 0 .0 1
m o v e m e n t 6 3 0 .6 6 7 0 .3 7 4 2 .6 8 1 4 .0 + ( i g) =  3 7 .4 8 +(i,9) =  5 8 .1 2
d uration  (m s e c ) (9 .3 ) (9 .7 ) (9 .0 ) (1 1 .1 ) + ’ < 0 .0 0 1 +  <  .0001
p ea k  v e lo c it y 1 0 7 5 .2 1 0 6 4 .3 9 9 8 .8 9 6 7 .6 + 0 .9 ) =  2 .3 9 +(i,9) =  13.85
(m m s e c '1) (1 3 .3 ) (1 3 .6 ) (1 2 .7 ) (1 2 .3 ) n/s +  < 0 .0 1
tim e to peak 4 4 .4 4 2 .4 4 3 .7 4 1 .5 + 0 .9 )=  13.71 +(i,9) =  0 .6 5
v e lo c it y  (% )* (0 .4 1 ) (0 .4 5 ) (0 .4 0 ) (0 .4 5 ) +  < 0 .0 1 n/s
p ea k  d e ce le ra t io n 4 0 5 6 .9 4 0 2 1 .0 3 5 6 8 .0 3 4 1 9 .8 + (i,9) =  3 .5 4 +(i,9) =  2 1 .0 6
(m m s e c '2) (4 8 .8 ) (5 1 .8 ) (4 6 .3 ) (4 5 .3 ) n/s +  < 0 .0 1
tim e in s lo w 3 1 .3 3 4 .7 3 5 .4 3 9 .3 +0,9) =  2 9 .9 7 + 0 ,9 )=  18.69
m o v e m e n t  (% )* (0 .5 4 ) (0 .5 7 ) (0 .5 2 ) (0 .6 1 ) +  < 0 .0 0 1 +  < 0 .0 1
peak  gr ip  aperture 7 8 .6 8 3 .8 8 6 .3 9 0 .6 + (] 9) =  2 4 .3 4 + 0  9) =  5 5 .3 8
(m m ) (0 .9 2 ) (0 .8 6 ) (0 .8 5 ) (0 .8 8 ) + ’ < 0 .0 0 1 +  < 0 .0 0 0 1
tim e to p ea k  grip 7 5 .8 7 2 .5 7 2 .9 6 9 .2 +0.9) =  5 5 .7 6 + 0 ,9 )=  15.69
aperture (% )* (0 .4 2 ) (0 .5 0 ) (0 .4 7 ) (0 .5 6 ) +  <  0 .0001 +  < .0 1
* c a lc u la t e d  a s  a  p e r c e n ta g e  o f  to ta l r e a c h  d u r a t io n
4.3.1. Results for the transport component
Figure 4.2 shows examples o f  velocity profiles for reaches made under the four 
experimental conditions and clearly shows the effects o f the viewing conditions on the 
transport component. It can be seen in both Figure 4.2 and Table 4.2 that peak
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velocity reached under monocular or binocular viewing did not differ in either the lit 
nor the unlit conditions. (Note that the offset between the binocular and monocular 
reaches in the lit condition resulted from a difference in onset time in the particular 
trials plotted here.) Indeed the effect o f binocular versus monocular viewing did not 
produce many o f  the differences expected on the basis o f  Servos et al. (1992). There 
was no significant main effect o f  binocular versus monocular viewing on movement 
onset or peak wrist velocity. As shown in Table 4.2 this was the case for both the lit 
and unlit conditions.
time (msec)
Figure 4.2. W r is t  v e l o c i t y  p r o f i l e s  f o r  f o u r  re a ch e s  m a d e  b y  o n e  s u b je c t  —  o n e  
u n d e r  e a c h  v i e w in g  c o n d i t i o n  —  t o  th e  4 .4  c m  (d e p t h )  x  7 .5  c m  ( w id t h )  o b je c t  at 
a  d is ta n c e  o f  4 0 .7  c m .  B in o c u la r  v i e w in g  is  in d ic a te d  b y  s o l i d  l in e s , a n d  
m o n o c u la r  v i e w in g  is  in d ic a t e d  b y  d a s h e d  l in e s .
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Note that peak deceleration o f  the wrist was correlated extremely highly (r > 0.9, 
Pearson’ s product moment correlation) with peak velocity in all four viewing 
conditions. For this reason findings regarding peak deceleration are not generally 
presented. Figure 4.3 plots in detail how peak velocity increased with object distance 
for the four experimental conditions separately and suggests that the effect o f 
binocular versus monocular viewing was more pronounced in the unlit conditions. The 
ANOVA revealed that this was not the case, however, as there was no significant 
interaction between lit/unlit and binocular/monocular viewing (Ffyp) = 0.0484, P > 
0.05). One exception was that under unlit viewing conditions, peak velocity was 
slower with monocular than binocular viewing when reaching to the largest depth (7.1 
cm) objects (lit/unlit x binocular/monocular x depth interaction, F(2,is) = 6.49, P < 
0.01). In general, however, peak wrist velocity was not affected significantly by the 
removal o f binocular information.
Table 4.2. shows that there was a significant increase in the time spent in the slow 
movement phase under monocular viewing, which may indicate a greater reliance on 
on-line control in these conditions. This effect was modified by a significant 
binocular/monocular viewing x distance x depth interaction (F(4(36) = 3.25, P < 0.05). 
Post hoc tests revealed that when reaching for the largest object depth (7.1 cm) there 
was no effect o f  binocular versus monocular viewing. However, for both the 3 cm and
4.4 cm object depths, subjects spent significantly more time (as a percentage o f  overall 
movement duration) in the slow phase o f movement with monocular viewing (P < 
0.01). Accordingly, overall movement duration was generally longer with monocular
2
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viewing than with binocular viewing, and time to peak velocity (as a proportion o f 
movement duration) occurred earlier under monocular viewing (see Table 4.2.). 
Inspection o f  individual velocity profiles under all viewing conditions, found no 
evidence o f  on-line ‘ corrections’ in the reaching movements which have been observed 
previously when reaching under unlit monocular conditions (Marotta and Goodale, 
1998).
Several differences between the lit and unlit conditions were pronounced. Table 4.2 
shows that movement onset times were slower by 70 msecs in the unlit conditions 
than fully-lit conditions. It can also be seen that the peak wrist velocity was slower in 
the unlit conditions than fully-lit conditions. There was also a significant lit/unlit x 
distance interaction (+(2,18) = 4.84, P < 0.05). Post hoc testing showed that peak 
velocity was significantly slower in the unlit conditions at all object distances (P < 
0.001) and the magnitude o f  this effect was greater at the furthest distance. Table 4.2 
shows that subjects spent longer (as a percentage o f total movement duration) in the 
slow phase o f  movement following peak deceleration in the unlit conditions. There 
was also a significant lit/unlit x distance x width interaction (F(436) = 3.84, P  < 0.05). 
Post hoc tests revealed that subjects spent more time in the slow phase (P < = 0.01) in 
the unlit conditions than the lit conditions during reaches to every width x distance 
combination tested except when the widest object (9.7 cm ) was presented at the near 
distance (30 cm), when there was no significant effect o f lit/unlit conditions.
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In keeping with this finding, there was also a small effect o f  lit versus unlit conditions 
condition on time to peak velocity. Compared to the lit conditions, peak wrist 
velocity occurred earlier (as a percentage o f  movement duration) in the unlit 
conditions. However, this difference was only significant for reaches to the furthest 
(55 cm) distance (lit/unlit x distance interaction, Fq is) ~ 14.72, P < 0.001).
Figure 4.3. P e a k  w r is t  v e l o c i t y  a s  a fu n c t io n  o f  o b je c t  d is ta n c e  f o r  e a c h  v i e w in g  
c o n d i t i o n .  B in o c u la r  v i e w in g  is  in d ic a te d  b y  s q u a r e s , a n d  m o n o c u la r  v i e w in g  is  
in d ic a te d  b y  c i r c le s .  T h e  l it  c o n d i t i o n s  are  in d ic a te d  b y  o p e n  s y m b o l s ,  a n d  th e  
u n lit  c o n d i t i o n s  a re  in d ic a t e d  b y  f i l l e d  s y m b o l s .  E rro r  b a rs  re p re s e n t  ± 1  s ta n d a rd  
error.
Despite reaches being generally slower in unlit conditions, as shown in Figure 4.3 the 
normal relationship between peak velocity and object distance was observed. Reaches
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to farther objects resulted in significantly greater peak velocities (Fqis) = 566.04, P < 
0.0001) and resulted in longer overall movement duration times (7+2,18) = 314.89, P < 
0.0001). However, the effects o f  object distance on both peak velocity and movement 
duration were not the same across all conditions. Peak velocity scaled more with 
object distance in the lit conditions than the unlit conditions (lit/unlit viewing x 
distance interaction, reported above) and accordingly there was greater scaling o f  
movement duration with object distance in the unlit conditions, particularly under 
monocular viewing (lit/unlit viewing x distance interaction, F(2,i8) = 13.15, P < 0.001).
Peak velocity was found to increase significantly with increasing object depth in all 
viewing conditions (F(2,i8) = 46.54, P < 0.0001). This scaling may simply be 
commensurate with the fact that the wrist has to be moved further in order to grip the 
larger objects (cf. Servos, Jakobson and Goodale, 1998). It is also interesting to note 
that although time in the slow movement phase increased with increasing object 
distance, it also increased when reaching to objects o f  smaller depth (viewing distance 
x depth interaction, ^ 4,36) = 17.96, P < 0.0001). This effect was significant under all 
viewing conditions. This is in keeping with a simple speed-accuracy trade-off in that 
greater spatial accuracy is required when reaching for smaller objects (Bootsma, 
Marteniuk, MacKenzie and Zaal, 1994).
In summary, removal o f  binocular information had relatively minor effects on the 
transport component in both the lit or the unlit conditions. This is surprising in light 
o f  the studies reported above and will be discussed fully below. By comparison, the
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removal o f  scene-based information had a considerable effect on the parameters o f  the 
transport component under both binocular and monocular viewing. This resulted in 
longer movement onset times, much lower peak velocities and a prolonged final phase 
o f the velocity profile.
4.3.2. Results for the grasp component
Figure 4.4 shows that the depth o f  the object influenced peak grip aperture in all o f  the 
experimental conditions. Peak grip aperture increased with increasing object depth. 
This effect was significant = 150.58, P < 0.0001) and in accordance with
previous findings (Gentilucci, Castiello, Corradani, Scaipa, Ulmita and Rizzolatti, 
1991, Jeannerod, 1988; Servos et al., 1992).
Table 4.2 shows that in contrast to the transport component, the grasp was clearly 
affected by removal o f  binocular information. A clear ceiling effect on peak grip 
aperture can be seen in Figure 4.4 when reaching to objects with the largest depth 
(lit/unlit conditions x binocular/monocular viewing x object depth interaction, F(2,i8) = 
7.68, P  < 0.01). Therefore post hoc comparisons o f reaches to the largest object depth 
(7.1 cm) are not considered here. Peak grip apertures for reaches to the 3 cm and 4.4 
cm objects were greater with monocular than with binocular viewing (P < 0.001). 
Although this contrasts with the findings o f  Servos et al. (1992) it is consistent with 
those o f  Jackson et al. (1997). In both o f  these studies the objects used were slightly 
smaller and lower than those used here. Illumination similarly affected the peak grip 
aperture which was larger in the unlit conditions (P < 0.001). The reduction in the
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information available to calibrate the grasp, either by removal o f  scene-based 
information or removal o f  binocular cues to object size and distance, leads to an 
increase in grip aperture. However it is important to note that despite the increases in 
peak grip aperture across viewing conditions, the variability remained constant across 
conditions (see below). This suggests that despite the systematic changes in the grasp 
responses, subjects still calibrated grip aperture equally reliably in each viewing 
condition in accordance with changes in object depth.
object depth (cm)
Figure 4.4. P e a k  g r ip  ap ertu re  a s  a  fu n c t io n  o f  o b je c t  d e p th  f o r  e a c h  v i e w in g  
c o n d i t i o n .  B in o c u l a r  v i e w in g  is  in d ic a t e d  b y  s q u a r e s , a n d  m o n o c u la r  v i e w in g  is  
in d ic a te d  b y  c i r c le s .  T h e  l i t  c o n d i t i o n s  are  in d ic a te d  b y  o p e n  s y m b o l s ,  a n d  th e  
u n lit  c o n d i t i o n s  a re  in d ic a t e d  b y  f i l l e d  s y m b o l s .  E rro r  b a rs  re p re s e n t  ± 1  s ta n d a rd  
error.
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As well as affecting the magnitude o f peak grip aperture, viewing condition also had a 
small effect on the organisation o f  the grasp component. Time to peak grip aperture 
(as a percentage o f  movement duration) was shorter under monocular than under 
binocular viewing, and also was shorter in the unlit conditions than in the lit conditions 
although these effects were only significant at the furthest object distance 
(binocular/monocular viewing x distance interaction, F(2>i8)= 14.96, P < 0.001; lit/unlit 
conditions x distance interaction, F)2,18) = 1-95, P < 0.01).
4.3.3. Effects of viewing condition on ‘eatch trials’
For both onset times and peak grip aperture, the patterns across viewing conditions 
evident from the catch trials followed very closely those o f  the experimental trials, and 
the values were o f  similar magnitude. Importantly, the pattern o f  results for peak 
velocity in the catch trials was also similar to the experimental trials. It seems likely 
therefore that the pattern o f  results observed in the experimental trials represent 
independently programmed reach-to-grasp movements, and are not a consequence o f 
reaching to remembered distances.
4.3.4. Effects of viewing condition on variability
Variability in performance was analysed in a similar fashion to the mean scores, by 
entering the within-subject standard deviation scores for each dependent measure into 
separate analyses o f  variance. This analysis showed that, for all o f  the kinematic 
parameters, within-subject variability was not significantly affected by viewing 
condition.
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The present study was designed to assess the role o f binocular information in the 
control o f  reaching movements in the presence and absence o f  scene-based 
information. Particular attention was paid in the design o f  the experiment in order to 
control extraneous visual information which could cue object size or distance 
information so that the influence o f  binocular cues could be clearly discerned. An 
interesting and clear dissociation o f  the role o f  binocular information in the transport 
and grasp components was found. While the removal o f  binocular cues did not affect 
principal indices o f the transport component o f  the reach (e.g. onset times and the 
wrist velocity profile) it did affect those o f the grasp component (e.g. maximum grip 
aperture and the time to peak grip aperture) both in the absence o f  scene based 
information and in a normal fully-lit scene. This is an important finding which is 
consistent with the view that the transport and grasp components o f  reaching 
movements are controlled relatively independently, and suggests that binocular cues 
are selectively involved in the control o f  the latter. Such a dissociation is also evident 
in the neuropsychological results o f  Marotta et al. (1997), who studied prehensile 
movements in visual form agnosic patients (D.F. and J.W.). They reported a 
profound effect o f  removing binocular information on the grasping component when 
the patients were required to pick up rectangular blocks placed at different distances. 
With binocular viewing, both patients produced peak grip apertures that scaled with 
object size, and were unaffected by object distance. Under monocular viewing 
however, normal size-constancy was severely disrupted, with both patients producing 
smaller peak grip apertures to objects positioned further away. Furthermore, under
4.4. Discussion
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monocular viewing patient J.W. showed no scaling o f grip aperture with object size, 
despite showing an appropriate (albeit variable) scaling under binocular viewing. 
Importantly however, both patients showed peak wrist velocity systematically 
increasing with increasing object distance under binocular and monocular viewing 
conditions. Thus while grasp scaling was severely disrupted by removing binocular 
vision, transport kinematics remained normal. Binocular cues therefore appear to play 
a particularly important role in the specification o f  intrinsic object properties and the 
programming o f the grasp component o f  the reach (see also Dijlcerman et al., 1996).
By comparison to the removal o f  binocular information, the removal o f  scene-based 
information had a profound effect on both the transport and grasp components o f  the 
reach. In the unlit conditions subjects exhibited movements with slower onsets, lower 
peak velocities, extended deceleration phases, a prolonged slow phase and larger peak 
grip apertures irrespective o f  whether they viewed the objects with one or two eyes. 
This may not be surprising as the subjects in this condition were deprived o f  a rich 
array o f  visual information from the entire visual field, including some information 
about the relative location o f  body parts, which has been shown previously to affect 
the control o f  prehension (Gentilucci, Toni, Chieffi and Pavesi, 1994; Berthier, 
Clifton, Gullapalli, McCall and Robin, 1996). Although attempts were made to equate 
the lit and unlit conditions in terms o f  visual feedback about hand position (luminous 
markers were placed on the thumb, forefinger and wrist) they may not have been 
completely successful. Therefore the marked disruption in performance in the unlit 
condition is difficult to attribute unambiguously but it does suggest (if the provision o f
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visual feedback was successful) that monocularly available pictorial cues from the 
surrounding scene may also play an important role in the specification and control o f 
prehensile movements (see also Marotta and Goodale, 1998; Chapter 5; Chapter 7).
Performance o f  both the transport and the grasp components remained remarkably 
consistent even in the most visually impoverished viewing condition. Generally with 
unlit monocular viewing, the transport parameters still related in the normal way to 
object distance, and grip apertures increased with increasing object depth. The fact 
that consistent performance continued throughout the experimental manipulations 
raises the possibility that the increase in grip aperture, observed when binocular or 
scene based information was removed, represents some form o f  ‘ strategy’ , evoked, 
perhaps, in any unusual visual context in order to build in a margin for error in the end 
point o f  the reach. This is supported by the finding that larger peak grip apertures are 
produced when subjects reach under open-loop conditions (as compared to 
movements made under normal viewing conditions), when precise on-line control o f  
the final phase o f  the movement is not possible (Wing, Turton and Fraser, 1986; 
Jakobson and Goodale, 1991). Certainly the explanation o f  the change in the grasp 
component in terms o f misperceived size due to distance scaling (Servos et al., 1992) 
is inconsistent with the dissociation reported here (see also Mon-Williams and 
Dijkerman, 1999). The same holds for the findings for the role o f  scene-based 
information, where slower peak wrist velocities were associated with larger grip 
apertures. More parsimonious is the account based on a switch to a more
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conservative strategy where grip apertures are extended by a constant amount in any 
reduced cue situation.
The failure to find any effect o f  the removal o f binocular information on principal 
indices o f the transport component was a surprise in the light o f  the results reported 
by Servos et al. (1992). One exception was the effect on the final approach to objects 
with an extended slow phase which may reflect on-line control rather than pre­
programmed responses (Paillard, 1982; Servos and Goodale, 1994; Jackson et al., 
1997). Onset times and peak wrist velocity however did not vary when binocular 
cues were removed, even in the impoverished unlit viewing conditions where their 
importance should have been highlighted. A similar result was reported by Jackson et 
al. (1997) who compared monocular and binocular reaching to objects presented alone 
or in the presence o f  flanking objects. Although they reported small differences in the 
direction predicted by Servos et al. (1992) when their objects were presented in 
isolation, the size o f the effects did not generally reach significance. They did find a 
significant advantage for binocular information when reaches for objects within 
cluttered environments were considered, perhaps due to the need to specify the 
relative locations o f  objects. This question is investigated further in the experiments 
reported in Chapter 6. Like Jackson et al. (1997) grip aperture in the present study 
got larger when binocular information was removed.
The fact that no appreciable change was found in the transport component when the 
binocular cues were removed in the fully-lit condition, questions the prevailing view
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which holds them to be pre-eminent in the control o f prehension (Previc, 1990; Servos 
et al., 1992; Marotta et al., 1997; Mon-Williams and Dijkerman, 1999). If anything, 
the present results suggest that binocular cues are important in specifying intrinsic 
object properties for the grasp component. The fact that in the unlit condition, the 
presence or absence o f  binocular information similarly did not affect the transport 
component, however, further questions the significance o f  its role. It would appear 
that many different sources o f  visual information may be sufficient to specify extrinsic 
object properties such as distance, which can be exploited efficiently by the system. 
This is a subtle but very important result. Binocular cues are but one o f  several 
sources o f visual information that can be used to specify reach parameters. In the 
present study, ‘height in the visual field’ may have been used to recover distance and 
to scale velocity o f the transport component in a similar manner to that in the lit, 
binocular condition (Marotta and Goodale, 1998). This issue is examined in detail in 
Chapter 5. Certainly variability (which would reflect a greater amount o f  noise in the 
system) did not increase significantly in the responses in these conditions. The 
challenge may now be to specify which scene-based pictorial cues can be used, and 
how they interact with other cues in the specification o f reaching movements.
In conclusion, the experiments reported in this chapter clearly demonstrate that 
information available monocularly can support reliable reaching and grasping 
movements. However, binocular information may play an important role in normal 
grasp formation, as grasp parameters are disrupted by the removal o f  this information 
in both the presence or absence o f  normal scene-based information (although this may
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reflect strategy effects in response to sub-optimal visual information). The transport 
component o f  the reach, in contrast, appears less dependent on binocular information, 
although this too is significantly affected by removing scene-based information. This 
suggests that, at least for reaches to single target objects under normal viewing 
conditions, prehensile movements may be less dependent on binocular’ information 
than has previously been thought.
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Chapter 5
The role of height in the visual field in the control of
prehension51
5.1. Introduction
The results from the unlit conditions reported in Chapter 4 demonstrate that both the 
transport and grasp components o f  a prehensile movement can still be planned and 
executed reliably under monocular viewing, even when the majority o f visual cues have 
been removed. In fact, the transport component was largely unaffected by the 
removal o f  binocular information. This suggests that the remaining sources o f visual 
information were sufficient to specify the properties o f  objects for the control o f 
prehension.
What sources o f  visual information might support reliable reaching under unlit 
monocular viewing conditions? One potentially useful distance cue present in the 
study reported in Chapter 4 is ‘height in the visual field’ (HIF), also referred to as 
‘ slope o f  regard’ (Wallach and O’Leary, 1982) or ‘angular elevation’ (Philbeck and 
Loomis, 1997). HIF refers to the fact that when objects are presented on a plane 
which is below eye-level an object’s height in the optic array varies as a function o f its 
egocentric distance (Sedgwick, 1986; Cutting and Vishton, 1995) such that objects
51 Submitted to Experimental Brain Research.
121
which are further away from an observer appear higher in their visual field5 2. In this 
way HIF can provide useful depth information (Gibson, 1950), and it has been 
demonstrated psychophysically that HIF affects perceptual judgements o f  the relative 
distance to two targets (Dunn, Gray and Thompson, 1965; Epstein, 1966).
The geometry o f  recovering absolute distance from HIF
Although HIF is frequently considered only to provide information about relative 
distance, the geometric relationship between an object’ s HIF and its distance is 
preserved even when a single self-illuminated object is presented in an otherwise blank 
visual field (Sedgwick, 1986). In principle therefore, HIF can also be used to specify 
the absolute distance to a single object —  information that is required for the control 
o f accurate prehensile movements. Egocentric object distance and HIF are related by 
the simple function shown below in Equation 5.1, where d is the egocentric distance to 
the object (in cm), eh is the eye height above the supporting surface (in cm) and $  is
the angular HIF (in degrees) (see Figure 5.1). Note that ‘zero’ HIF is shown as 
straight ahead, and therefore ‘higher’ in the visual field corresponds to a smaller 
angular HIF d .
d = eh /  tanfi (5.1)
Geometrical analysis suggests that HIF potentially offers an extremely useful source
5,2 S im i la r ly ,  H I F  a ls o  fu n c t io n s  as  a  d is t a n c e  c u e  w h e n  o b je c t s  a re  p r e s e n t e d  a b o v e  th e  h o r iz o n  ( e .g .  o n  
a  c e i l i n g ) .  In  th is  c a s e  o b je c t s  w h ic h  a re  fu r th e r  a w a y  a p p e a r  lo w e r  in  th e  v is u a l  f i e ld .
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o f  information about the absolute distance to objects within reaching space. The 
question is, can the nervous system use this information?5 3
d
F i g u r e  5 .1 .  D ia g r a m  o f  th e  r e la t io n s h ip  b e t w e e n  a b s o lu t e  d is t a n c e  (cl), e y e -h e ig h t  
(eh) a n d  H I F  ( t f ) .
One important consideration is the precision with which eye position signals can be 
registered. It has been suggested recently that estimates o f object distance from 
convergence are poor in comparison to judgements o f direction from horizontal 
version, due to geometrical constraints (Bremier and Smeets, 2000). As the two eyes 
are relatively close together, a given change in object distance produces only small 
changes in the angle o f  convergence (or the location o f  the image on the retina) 
compared to the change in version produced by the same change in an object’ s lateral
5 3 T h e  te rm  H I F  is  u s e d  h e r e  t o  r e fe r  t o  th e  f i x e d  p h y s i c a l  r e la t io n s h ip  b e t w e e n  th e  a n g u la r  h e ig h t  o f  an  
o b je c t  in  th e  w o r ld ,  a n d  its  d is t a n c e , r e la t iv e  t o  a  g i v e n  p o in t  (ra th er  th a n  r e fe r r in g  s p e c i f i c a l l y  t o  th e  
r e t in a l im a g e  c u e ) .  T h e  p u i p o s e  o f  th e  p re s e n t  e x p e r im e n t  w a s  t o  in v e s t ig a te  w h e th e r  in fo r m a t io n  
a v a ila b le  f r o m  th is  f i x e d  r e la t io n s h ip  c a n  b e  e x p lo i t e d  f o r  th e  c o n t r o l  o f  v i s u a l ly  g u id e d  a c t io n .  In 
p r in c ip l e ,  d is t a n c e  in fo r m a t io n  c a n  b e  r e c o v e r e d  n o t  o n l y  f r o m  th e  re t in a l im a g e  b u t  a l s o  f r o m  ex tra - 
r e t in a l in fo r m a t io n  a b o u t  v e r t i c a l  g a z e  a n g le  ( p o s s i b l y  c o m b in e d  w it h  h e a d /b o d y  p o s i t i o n  in fo r m a t io n ) .  
H o w e v e r ,  th e  p r e s e n t  e x p e r im e n t  w a s  n o t  d e s ig n e d  t o  te s t  b e t w e e n  t h e s e  t w o  p o s s ib i l i t i e s ,  a n d  th e re fo r e  
H IF  as a  p i c t o r ia l  c u e ,  a n d  e x tra -re t in a l in fo r m a t io n  a b o u t  v e r t ic a l  g a z e  a n g le  are n o t  c o n s id e r e d  
s e p a r a te ly  in  th e  p r e s e n t  s tu d y .
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position. Similarly, under normal reaching conditions, when eye height is considerably 
larger than subjects’ inter-ocular distance, a given change in object distance produces a 
much greater angular change in HIF than the change in angle o f  convergence (see Figure 
5.2) suggesting that subjects may be relatively sensitive to distance from HIF.
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F i g u r e  5 .2 .  A  c o m p a r i s o n  o f  c h a n g e s  in  c o n v e r g e n c e  a n g le  a n d  H I F  r e s u lt in g  
f r o m  a  c h a n g e  in  o b j e c t  d is t a n c e  ( r e la t iv e  t o  a f ix a t e d  o b je c t  w h e r e  # = 4 0  c m  a n d  
eh =  2 9  c m ) .  C h a n g e  in  H I F  is  in d ic a te d  b y  th e  s o l i d  l in e ,  a n d  c h a n g e  in  
c o n v e r g e n c e  a n g le  is  in d ic a te d  b y  th e  d a s h e d  l in e . N o t e  th a t  c h a n g e s  in  b o t h  
c o n v e r g e n c e  a n g le  a n d  H I F  are  n o n - l in e a r ,  s u g g e s t in g  th a t  th e ir  u t i l i t y  re d u c e s  
w it h  in c r e a s in g  d is t a n c e .
Constraints on the use o f  HIF as a distance cue
Although HIF is often considered to be a ‘pictorial’ cue, the analysis presented above 
suggests that extra-retinal information about the vertical position o f  the eye in its orbit 
is a potentially important source o f information for recovering absolute distance from 
HIF. Indeed, Sedgwick (1986) suggests that the usefulness o f  HIF is limited by the
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extent to which vertical eye movements can be accurately registered, and cites a study 
by Howard and Templeton (1966) which suggests that our accuracy at determining 
vertical eye position may be both noisy and susceptible to constant errors as large as 
several degrees. Moreover, HIF can only provide absolute distance information if 
certain key assumptions are made (Cutting and Vishton, 1995). As is the case with 
many visual cues, the nervous system must assume that the supporting surface is 
opaque and that the target objects are resting on it. Cutting and Vishton (1995) 
suggest that these two assumptions are generally valid. However, it is evident from 
Figure 5.1 that there are two further requirements, which might be more difficult to 
satisfy (Cutting and Vishton, 1995). In order to obtain absolute distance from HIF the 
nervous system also needs to know the eye’ s height above the supporting surface, and 
must correctly assume that the surface is o f  a known, constant slope.
Empirical evidence for the utility o f  HIF as a distance cue
Evidence from psychophysical studies suggests that the strict requirements for HIF to 
yield absolute distance may not always be met. Wallach and O ’Leary (1982) used an 
optical device to study the effects o f  varying HIF on absolute size estimates o f a black 
rectangular paper target on the floor o f a fully illuminated room. Although they found 
that the perceived size o f  the target (and therefore its perceived distance) did vary in 
accordance with the changes in distance specified by the HIF manipulations, they also 
found that subjects’ estimates were strongly affected by their expectations about the 
size o f  the stimulus. This led Wallach and O’Leary (1982) to conclude that HIF was 
not a strong distance cue. Also, the findings o f a study by Epstein (1966) suggest that 
when objects are presented in an otherwise blank field the nervous system may not
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make the assumptions required for HIF to yield absolute distance. Subjects were 
asked to make estimates o f  the separation in depth o f  two small luminous targets, 
presented at various HIF, against each o f three progressively less structured 
backgrounds. Epstein (1966) foimd that when the targets were presented against a 
textured background consistent with a receding plane the difference in HIF produced a 
large perceived separation in depth. Presenting the targets against only an outline 
figure o f  the textured shape produced a smaller, but still significant, perceived 
separation in depth. When the targets were presented against a completely dark 
background, however, they were not perceived as being significantly separated in 
depth. Both o f  these studies suggest that the effectiveness o f  HIF as a distance cue 
might be variable and highly susceptible to assumptions about the targets and 
background.
Evidence from more naturalistic studies, however, suggests that HIF can be used as a 
cue to object distance for the control o f action, even when objects are presented in an 
otherwise blank visual field. In one o f  a series o f  experiments, Philbeck and Loomis 
(1997) examined the role o f  HIF in determining egocentric distance for the control o f  
open-loop walking. Subjects viewed self-illuminated targets in otherwise dark 
conditions under either binocular or monocular viewing. The targets were positioned 
at various distances from the subjects (between 199 and 500 cm), and they were 
presented either along the floor, so that information about distance was available from 
HIF, or at eye-level so that HIF information was eliminated. Philbeck and Loomis 
(1997) found that when the targets were presented at eye-level, the distances walked 
by the subjects were unrelated to the target distance, both under monocular and
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binocular viewing (note that some o f the distances were greater than 200 cm, and 
therefore outside the range that is typically considered useful for specifying absolute 
distance from binocular cues, Cutting and Vishton, 1995; Philbeck and Loomis, 1997). 
By contrast, when the targets were presented along the floor distance walked was 
strongly influenced by target distance, although subjects considerably overestimated 
the near distances and underestimated the far distances.
Evidence for the role o f  HIF in the control ofprehension
A study by Marotta and Goodale (1998) suggests that distance information from HIF 
can contribute to the control o f  prehensile movements. Subjects were asked to reach 
out and grasp single self-illuminated spheres, presented in isolation in otherwise dark 
conditions, under either binocular or monocular viewing. In one condition the spheres 
were presented at one o f  three distances along a horizontal plane, below the subjects’ 
eye-level, and in the other condition they were presented along the line o f sight, so 
that HIF did not change with object distance. Marotta and Goodale (1998) found that 
under monocular viewing subjects made fewer on-line corrections, thought to indicate 
errors in the initial planning o f  the movement, when object distance information from 
HIF was available. They did not report kinematic indices o f subjects’ reaches, and so 
whether HIF alone could provide absolute distance information could not be 
determined.
Summary and aims
The findings o f both Philbeck and Loomis (1997) and Marotta and Goodale (1998) 
demonstrate that visuo-motor performance can be influenced by distance information
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specified by HIF. The aim o f  the present experiment was to determine whether HIF 
could provide sufficiently accurate distance information to support reliable and 
accurate scaling o f the transport and grasp components o f  prehensile movements. It 
has already been shown in Chapter 4 that under unlit viewing conditions, the transport 
component o f subjects’ prehensile movements was not affected appreciably by the 
removal o f binocular information, and the grasp component, although perturbed, 
continued to scale reliably with object size in the normal way (Jeannerod, 1988; 
Gentilucci, Castiello, Corradani, Scarpa, Ulmita and Rizzolatti, 1991; Servos, Goodale 
and Jakobson, 1992). The present study examines the effects on prehensile 
movements o f  removing information from HIF. If distance from HIF supports 
prehension in conditions such as the unlit, monocularly viewed scene described in 
Chapter 4, then removing it should significantly disrupt the normal scaling o f the 
transport and grasp components with object distance and size. However, under 
binocular viewing, there may still be sufficient information to specify extrinsic and 
intrinsic object properties in the normal way. By examining whether binocular cues 
alone are sufficient to control movements, this provides a further critical test o f  the 
role o f binocular information in the control o f  prehension.
To examine this, subjects reached for and picked up self-illuminated blocks under unlit 
binocular and monocular viewing conditions almost identical to those in the previous 
study, except that the objects were presented along the line o f  sight so that HIF could 
not provide information about object distance. Subjects also completed a monocular 
control condition, in which the objects were not presented along the midline, but were 
aligned with the sighting eye. If objects are always presented on the midline, then
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under monocular viewing the horizontal version angle varies systematically with object 
distance. Subjects completed this condition to determine whether this information 
also contributes to reaching performance in the absence o f binocular information. The 
angular size and binocular disparities projected by the objects were carefully 
controlled (cf. Chapter 4) so that performance could not be attributed to any learned 
associations between an object/distance combination and its projected angular size or 
binocular disparity.
5.2. M ethod
5.2.1. Subjects
Nine right-handed adult volunteers (seven males, and two females; mean age = 28.7 
years) participated in the experiment. All had normal or corrected to normal vision 
and stereoacuities o f at least 40 arcsec as assessed by TNO test (Alfred Poll Inc., NY). 
Eight subjects were right-eye dominant and one was left-eye dominant.
5.2.2. Apparatus and stimuli
Subjects sat at a matt black table o f  approximately 80 x 80 cm. Head position was 
maintained using a chin rest and a forehead rest. Subject’ s eye-height and the location 
o f  the start button were the same as in Chapter 4. Subjects sat behind two mechanical 
shutters, one in front o f  each eye, which permitted binocular or monocular viewing, 
and prevented subjects from viewing the stimuli between trials. Subjects reached to 
and picked up objects at one o f  three locations straight ahead o f  them, in line with the 
start button. The experimental set-up is shown in Figure 5.3. The near edges o f  the 
objects were positioned at 34.2, 42.8 and 55 cm along the table from the start button.
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The objects at the first and second distances were placed 011 matt black pedestals so 
that at all three distances the objects appeared along the subjects’ line o f sight. Each 
pedestal was removable and only put in place when required. Three objects were used 
which were a subset (the smallest, middle sized and largest) o f the oblong blocks used 
previously in Chapter 4. The object depths and widths respectively were 3 x 6  cm,
4.4 x 7.5 cm, and 7.1x 9.7 cm. The object distances and the pedestal heights were 
chosen so that the smallest object at the near distance, the middle sized object at the 
middle distance, and the largest object at the furthest distance projected the same 
horizontal angular size and the same binocular disparity front to back. Black 
cardboard ‘ occluders’ were attached to the pedestals so that object height (i.e. vertical 
angular size) was also the same at each distance. Therefore, neither height, width nor 
depth o f  an object could specify its distance. As in Chapter 4, object luminance was 
randomised and dot density was also varied so that these could not act as cues to 
object distance.
Figure 5.3. Diagram o f  the experimental set-up.
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Subjects’ movements were recorded in the manner described in Chapter 2. A three 
camera MaeReflex motion analysis system operating at 120 Hz recorded the 
instantaneous positions o f  markers attached to the thumbnail, the nail o f  the 
forefinger, and to the head o f  the radius o f the wrist. As in Chapter 4, small patches 
o f luminous material were attached to the thumb, forefinger and the wrist to provide 
feedback o f  hand/wrist position.
5.2.3. Design
Subjects reached to and picked up the objects in three different viewing conditions (i) 
binocular viewing, (ii) ‘monocular-midline’ viewing, (iii) ‘monocular-aligned’ viewing. 
In both the binocular and monocular-midline conditions the subject was positioned so 
that the start button and the three object locations were all on the body midline (as in 
Chapter 4). In the monocular-aligned condition the start position and object locations 
were aligned with the viewing eye (by moving the subjects a few centimetres to one 
side) in order that information from version could not be used to as a cue to distance. 
Under monocular viewing subjects used their dominant sighting eye. All three 
conditions were completed in total darkness. Only the luminous dots on the objects, 
and the luminous markers on the wrist, thumb, and index finger were visible.
In total, subjects completed four repetitions o f each object/distance combination ( 4 x 3  
x 3) in each viewing condition, a total o f 108 trials. Trials were blocked by viewing 
condition which was counterbalanced. Within each block, individual trials were 
randomised, with the restriction that no two consecutive trials were the same.
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5.2.4. Procedure
The instructions given to subjects were exactly the same as those used in Chapter 4. 
They were instructed to make quick, accurate and natural reaches with their right hand, 
and to pick up the objects with their thumb and index finger only, grasping the objects 
front-to-back. Subjects were instructed to reach for and pick up the object as soon as 
it became visible. Each trial was initiated by opening the shutter(s) which was 
accompanied by an audible ‘beep5. Prior to each trial subjects were required to press 
the start button down with their thumb and index finger, ensuring that their start 
position remained constant throughout testing,
5.2.5. Dependent measures
The dependent measures used in Chapter 4 were derived for each trial in the present 
study. These were: (1) movement onset; (2) movement duration; (3) peak velocity o f  
the wrist; (4) time to peak velocity (as a percentage o f movement duration); (5) peak 
deceleration o f  the wrist; (6) time in slow movement (as a percentage o f movement 
duration); (7) peak grip aperture; (8) time to reach peak grip aperture (as a percentage 
o f  movement duration).
The calculation o f the dependent measures is described in Chapter 2. In the present 
study the data were derived in exactly the same way as in Chapter 4, with the 
exception o f  movement duration. It was predicted that under the monocular viewing 
conditions subjects’ performance might be sufficiently impaired that they would 
knock into the objects, causing them to move before they were properly grasped. For
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this reason, it was decided that using microswitches under the objects to signal when 
they were grasped would be unreliable. Instead, a method was developed to identify 
when a stable grasp had been achieved based on the relative positions o f  the 
MacReflex markers attached to the thumb, forefinger and a further marker fixed to each 
object. This method is described in detail in Chapter 2. In addition, the number o f 
trials in which subjects made on-line corrections to their movements was counted. 
These changes, thought to correspond to initial errors in planning the movement 
(Marotta and Goodale, 1998), are indicated by additional peaks in the wrist velocity 
and grip aperture profiles (again, see Chapter 2).
5.3. Results
Individual mean values were calculated for each object by distance combination for 
each o f the three viewing conditions. For each dependent variable the means for each 
subject were entered into separate 3 x 3 x 3  (viewing condition x object distance x 
object size) repeated measures analyses o f  variance. Analysis o f number o f  on-line 
corrections revealed that there were no on-line corrections (and therefore zero 
variability) in some cells, so scores for this variable were collapsed across object 
distance and size and entered into a one-way (viewing condition) analysis o f  variance. 
On nine trials (less than 1% o f  the total) the subjects completely failed to grasp the 
object. These trials were excluded from the analysis as no duration data was available. 
Table 5.1 shows the overall mean and standard error for each dependent measure for 
each o f  the three conditions, as well as the F  values for the main effect o f viewing 
condition. Post hoc Tukey’ s tests were carried out, where appropriate, to examine the
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nature o f  specific effects. Details o f  all main effects and interactions are presented in 
Appendix D. Variability in performance was analysed in a similar fashion to the 
means, by entering the within-subject standard deviation scores for each dependent 
measure into separate analyses o f  variance.
T a b l e  5 .1 .  S u m m a r y  o f  e f f e c t  o f  v i e w in g  c o n d i t i o n  o n  d e p e n d e n t  m e a s u r e s . 
T a b le  s h o w s  m e a n  v a lu e s ,  w it h  S E M  in  p a r e n th e s e s .
V i e w i n g  C o n d i t i o n
D e p e n d e n t  M e a s u r e B in o c u la r M o n o c u la r -
m id l in e
M o n o c u la r -
a l ig n e d
F  s ta t is t ic
m o v e m e n t  o n s e t  
(m s e c )
3 3 1 .7  ( 1 0 . 5 ) 3 6 9 .1  ( 1 1 . 7 ) 3 9 0 .9  ( 1 1 .0 ) F (2,i6) = 4 .1 7 , P < 0 .0 5
m o v e m e n t  d u ra t io n  
(m s e c )
1 0 8 7 .7  ( 2 3 . 9 ) 1 3 9 3 .8  ( 4 1 .4 ) 1 3 6 1 .4  ( 3 5 . 9 ) F (2,i6) =  2 7 .2 6 , +  <  0 .0 0 0 1
p e a k  v e l o c i t y  
( m m s e c '1)
7 7 0 .7  ( 1 7 . 3 ) 7 2 9 .7  ( 1 5 . 9 ) 7 0 8 .5  ( 1 5 .2 ) +(2.16) =  7 .1 0 , +  <  0 .0 1
t im e  t o  p e a k  
v e lo c i t y  ( % ) *
3 5 .6  ( 0 .6 2 ) 2 9 .0  ( 0 .7 7 ) 2 9 .7  ( 0 .7 0 ) +(2,i6) =  2 4 .6 1 , +  <  0 .0 0 0 1
p e a k  d e c e le r a t io n  
( m m s e c '2)
2 3 5 5 .7  ( 5 9 . 8 ) 2 1 6 6 .8  ( 6 2 .7 ) 2 0 4 4 .2  ( 6 2 .6 ) +(2,16) — 1 0 .4 0 , +  < 0 . 0 1
t im e  in  s l o w  
m o v e m e n t  ( % ) *
4 8 .3  ( 0 .9 1 ) 5 7 .6  ( 1 .0 8 ) 5 6 .9  ( 1 .0 4 ) +(2,i6) =  3 4 .2 1 , +  <  0 .0 0 0 1
p e a k  g r ip  a p ertu re  
( m m )
9 7 .5  ( 1 .5 3 ) 1 0 4 .3  ( 1 .9 2 ) 1 0 2 .5  ( 1 .9 6 ) +(2,16) =  4 .2 1 , +  <  0 .0 5
t im e  t o  p e a k  g r ip  
a p ertu re  ( % ) *
6 3 .2  ( 0 .8 1 ) 5 3 .8  ( 1 .2 1 ) 5 4 .5  ( 1 .1 2 ) +(2,i6) =  2 3 .7 5 , +  <  0 .0 0 0 1
n u m b e r  o f  o n - l in e  
c o r r e c t io n s 4
3 .4  ( 0 . 9 0 ) 2 2 .2  ( 4 .7 2 ) 2 1 .0  ( 3 .0 7 ) +(2,16) =  1 1 .6 8 , +  < 0 . 0 0 1
*  c a lc u la t e d  a s  a p e r c e n ta g e  o f  t o ta l  r e a c h  d u ra t io n  
t  c a lc u la t e d  as a  p e r c e n ta g e  o f  th e  to ta l  n u m b e r  o f  r e a c h e s
5.3.1. Effects of viewing condition on the transport component
Table 5.1 shows that there were clear effects o f  viewing condition on kinematic indices 
o f  the transport component. There was a significant main effect o f  viewing condition 
on peak wrist velocity, and this interacted significantly with object distance (F(4i32) = 
11.3, P < 0.0001). Figure 5.4 plots how peak wrist velocity increased with object 
distance in each o f  the three viewing conditions. It can be seen in Figure 5.4 that
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subjects’ reaching performance in the binocular condition differed markedly from that 
in the two monocular conditions. Post hoc tests revealed that reaches to objects at the 
near distance resulted in similar peak wrist velocities across the three conditions (P > 
0.05). However, for reaches to the middle distance ‘binocular’ reaches were 
significantly faster than in the monocular-aligned condition (P < 0.001) and at the far 
distance they were significantly faster than in both the monocular-midline and 
monocular-aligned conditions (P < 0.001). Binocularly guided reaches also resulted in 
higher peak deceleration (P < 0.05) less time in the final slow phase o f  the movement 
(P < 0.001) and generally shorter overall movement duration times (P < 0.001) than 
both o f  the monocular conditions. In addition, during reaches made under binocular 
viewing, subjects made fewer on-line corrections than in both o f  the monocular 
conditions (P < 0.01)54. Onset times were significantly slower in the monocular- 
aligned condition than in either the binocular or monocular-midline conditions. 
However, none o f  the other indices o f  the transport component revealed any 
significant differences between performance in the monocular-midline and monocular- 
aligned viewing conditions. Analysis o f  standard deviations showed that, for all o f  the 
kinematic parameters o f the transport component, within-subject variability was not 
significantly affected by viewing condition.
5 4 N o t e  th a t th e  d is t r ib u t io n  o f  o n - l in e  c o r r e c t i o n s  w a s  n o t  u n ifo r m  a c r o s s  re a ch e s  t o  a ll d is t a n c e s . In 
b o t h  m o n o c u la r  c o n d i t i o n s  s u b je c t s  m a d e  m o r e  o n - l i n e  c o r r e c t io n s  w h e n  r e a c h in g  t o  th e  fa r  d is ta n ce  
th a n  w h e n  r e a c h in g  t o  th e  m id d le  a n d  n e a r  d is t a n c e s .  T h is  t r e n d  w a s  n o t  e v id e n t  f o r  th e  ( fa r  fe w e r ) 
b in o c u la r ly  g u id e d  r e a c h e s  in  w h ic h  c o r r e c t i o n s  w e r e  o b s e r v e d .  O f  th e  to ta l n u m b e r  o f  r e a ch e s  m a d e  t o  
th e  3 4 .2 ,  4 2 .8  a n d  5 5  c m  d is t a n c e s , r e s p e c t iv e ly ,  s u b je c t s  m a d e  c o r r e c t io n s  d u r in g  5 .6 ,  1 .9  a n d  2 .8 %  
o f  th e ir  re a ch e s  in  th e  b in o c u la r  c o n d i t i o n ,  7 .4 ,  1 2 .0  a n d  4 6 . 3 %  in  th e  m o n o c u la r - m id l in e  c o n d i t i o n  
a n d  1 2 .0 , 6 .5  a n d  4 4 . 4 %  o f  r e a c h e s  in  th e  m o n o c u la r - a l i g n e d  c o n d i t io n .
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object distance (cm)
F i g u r e  5 .4 .  P e a k  w r is t  v e l o c i t y  as  a fu n c t io n  o f  o b je c t  d is ta n c e  f o r  e a c h  v i e w in g  
c o n d i t i o n .  T h e  b in o c u la r  v i e w in g  c o n d i t i o n  is  in d ic a te d  b y  th e  s q u a r e s , th e  
m o n o c u la r - m i d l in e  v i e w in g  c o n d i t i o n  is  in d ic a t e d  b y  th e  f i l l e d  c i r c le s ,  a n d  th e  
m o n o c u la r - a l i g n e d  c o n d i t i o n  is  in d ic a t e d  b y  th e  o p e n  c i r c le s .  E rr o r  b a rs  rep resen t 
± 1  s ta n d a rd  e rro r .
5.3.2. Transport component scaling with and without information from HIF
The viewing condition x object distance interaction reported for peak wrist velocity 
(also see Figure 5.4) suggests that under unlit monocular viewing the normally 
observed scaling o f  the transport component with object distance (Jeannerod, 1988; 
Servos et al., 1992; Servos and Goodale, 1994) was considerably reduced by the 
elimination o f distance information from HIF. To examine this, the effects o f 
removing binocular information on the scaling o f peak wrist velocity were compared 
when (i) distance information from HIF was unavailable (present experiment) and (»)
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information from HIF was present (unlit binocular and unlit monocular conditions in 
Chapter 4). The data for all five viewing conditions were entered into separate least 
squares linear regressions. The regressions were calculated using data from the subset 
o f object/distance combinations that were matched both for angular size and for front- 
back binocular disparity (following the logic outlined in Chapter 4). This served to 
reduce variability by considering only reaches made to one object size at each distance, 
and ruled out the possibility that any residual performance in the monocular 
conditions could be attributed to learning o f  object sizes and/or distances.
Figure 5.5 (a and b) shows the regression lines for the present conditions (no HIF 
information) and the unlit conditions from Chapter 4 (HIF available) respectively. 
The regression slopes and the significance values o f  the associated F  statistics 
demonstrate that under binocular viewing, peak wrist velocity scaled reliably with 
object distance both when HIF was available and when it was not. Under monocular 
viewing it can be seen that when HIF was available, peak wrist velocity continued to 
scale reliably with object distance. In contrast, when HIF was unavailable peak wrist 
velocity was not significantly related to object distance, either in the monocular- 
midline or monocular-aligned conditions. Taken together these results suggest that 
under unlit monocular viewing, distance information from HIF alone is sufficient to 
support accurate and reliable control o f the transport component. They also 
demonstrate that reaches can be controlled reliably when only binocular cues are 
available.
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o b je c t  d istance  ( c m )  o b je c t  d istan ce  (c m )
(a) (b)
F i g u r e  5 .5 .  L e a s t  s q u a r e s  l in e a r  r e g r e s s io n s  o f  p e a k  w r is t  v e l o c i t y  o n  o b je c t  
d is t a n c e , f o r  e a c h  v i e w in g  c o n d i t i o n ,  b o t h  w h e n  in fo r m a t io n  f r o m  H I F  w a s  
u n a v a ila b le  (a )  a n d  w h e n  it w a s  p r e s e n t  ( b ) .  T h e  b in o c u la r  v i e w in g  c o n d i t i o n  is  
in d ic a te d  b y  th e  s q u a r e s , t h e  m o n o c u la r - m i d l in e  v i e w in g  c o n d i t i o n  is  in d ic a te d  
b y  th e  f i l l e d  c i r c le s ,  a n d  th e  m o n o c u la r - a l i g n e d  c o n d i t i o n  is  in d ic a te d  b y  th e  o p e n  
c i r c le s .  N o t e  th a t t h e s e  p lo t s  s h o w  d a ta  f r o m  th e  s u b s e t  o f  o b je c t /d is t a n c e  
c o m b in a t i o n s  th a t w e r e  m a t c h e d  b o t h  f o r  a n g u la r  s iz e  a n d  f o r  f r o n t -b a c k  b in o c u la r  
d is p a r it y .
T a b l e  5 .2 .  S u m m a r y  o f  e f f e c t  o f  v i e w in g  c o n d i t i o n  o n  th e  lin e a r  r e g r e s s io n s  o f  
p e a k  w r is t  v e l o c i t y  o n  o b j e c t  d is t a n c e , w h e n  in fo r m a t io n  f r o m  H I F  w a s  
u n a v a ila b le  (a )  a n d  w h e n  it w a s  p r e s e n t  (b ) .
(a)
V ie w i n g
c o n d i t i o n
S lo p e + ( 1,25 ) S ig n i f i c a n c e
B in o c u la r 1 2 .3 2 2 .1 9 +  <  0 .0 0 0 1
M o n o c u la r -
m id l in e
3 .8 1 2 .3 0 n /s
m o n o c u la r -
a l ig n e d
5 .2 2 3 .1 1 n /s
(b)
V ie w i n g  S lo p e  + 0 ,28) S ig n i f i c a n c e  
c o n d i t i o n
u n li t  1 7 .5  6 5 .5 1  + <  0 .0 0 0 1
b in o c u la r
u n li t  1 5 .6  5 9 .1 0  + <  0 .0 0 0 1
m o n o c u la r
1 3 8
Table 5.1 shows that in the absence o f  distance information from HIF, the grasp 
component was also affected by the removal o f binocular information. The main 
effect o f  viewing condition on peak grip aperture was modified by a significant 
viewing condition x object size interaction (+(4,32) = 13.3, P < 0.0001). Figure 5.6 
plots the changes in peak grip aperture with object size for each o f  the three viewing 
conditions separately. Post hoc tests revealed that although reaches to the largest 
object did not differ across conditions (JP > 0.05), reaches to the middle and smallest 
objects in both monocular conditions resulted in significantly larger peak grip 
apertures than in the binocular condition (P < 0.001). The temporal organisation o f 
the grasp component was also disrupted by the removal o f  binocular information. The 
main effect o f  time to peak grip aperture was modified by a significant viewing 
condition x distance interaction (+(432) = 19.1, P < 0.0001). Post hoc tests showed 
that the time at which peak grip aperture occurred was proportionally sooner in both 
o f  the monocular conditions, and that this effect was greater for reaches to the farthest 
distance (P < 0.001). This result reflects the finding that subjects spent more time in 
the final slow phase o f the movement under the monocular viewing conditions. Once 
again, there were no significant differences between the grasp component in the 
monocular-midline and monocular-aligned conditions. There was also no effect o f  
viewing condition on within-subject variability o f the grasp component.
5.3.3. Effects of viewing condition on the grasp component
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Figure 5.6. P e a k  g r ip  a p e r tu re  as  a  fu n c t io n  o f  o b je c t  s iz e  ( f r o n t - t o - b a c k )  f o r  ea ch  
v i e w in g  c o n d i t i o n .  T h e  b in o c u la r  v i e w in g  c o n d i t i o n  is  in d ic a te d  b y  th e  s q u a re s , 
th e  m o n o c u la r - m i d l in e  v i e w in g  c o n d i t i o n  is  in d ic a te d  b y  th e  f i l l e d  c i r c le s ,  a n d  
th e  m o n o c u la r -a l ig n e d  c o n d i t i o n  is  in d ic a te d  b y  th e  o p e n  c i r c le s .  E rro r  bars 
re p re s e n t  ± 1  s ta n d a rd  e rr o r .
5.3.4. Grasp component scaling with and without information from HIF
Similar to the results for the transport component, the significant viewing condition x 
object size interaction for the grasp suggests that, for monocularly guided reaches, the 
absence o f information from HIF significantly affected the scaling o f peak grip 
aperture with object size (also see Figure 5.6). As above, these data were compared to 
the results from the imlit conditions in Chapter 4. Least squares linear regressions 
were again calculated for each viewing condition, based on die data for the angular size 
and disparity matched object/distance combinations (Figure 5.7, a and b).
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The regression slopes, and the significance values o f the associated F  statistics, 
showed a generally similar pattern to those for the transport component, discussed 
above. Under binocular viewing, peak grip aperture scaled reliably with object size 
both when HIF was available and when it was not. Under monocular viewing it can be 
seen that when HIF was available, peak grip aperture continued to scale reliably with 
object size. When HIF was unavailable, however, peak grip aperture was not 
significantly related to object size, in either monocular condition. These results 
suggest that under unlit monocular viewing, distance information from HIF alone is 
sufficient for the reliable scaling o f  object size for the grasp component, although grip 
apertures were significantly smaller when binocular information was added (see 
Chapter 4).
%
4  5 6
object size (cm)
(X
4  5 6
object size (cm)
(a) (b)
F i g u r e  5 .7 .  L e a s t  s q u a r e s  l in e a r  r e g r e s s io n s  o f  p e a k  g r ip  a p ertu re  o n  o b j e c t  s iz e  
( f r o n t - t o - b a c k ) ,  f o r  e a c h  v i e w in g  c o n d i t i o n ,  b o th  w h e n  in fo r m a t io n  f r o m  H IF  w a s  
u n a v a ila b le  (a )  a n d  w h e n  it  w a s  p r e s e n t  ( b ) .  T h e  b in o c u la r  v i e w in g  c o n d i t i o n  is  
in d ic a te d  b y  th e  s q u a r e s , th e  m o n o c u la r - m i d l in e  v i e w in g  c o n d i t i o n  is  in d ic a te d  
b y  th e  f i l l e d  c i r c le s ,  a n d  th e  m o n o c u la r - a l i g n e d  c o n d i t i o n  is  in d ic a t e d  b y  th e  o p e n  
c i r c le s .  T h e s e  p lo t s  s h o w  d a ta  f r o m  th e  s u b s e t  o f  o b je c t /d i s t a n c e  c o m b in a t i o n s  
th a t w e r e  m a t c h e d  b o t h  f o r  a n g u la r  s iz e  a n d  f o r  f r o n t -b a c k  b in o c u la r  d is p a r ity .
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T a b l e  5 .3 .  S u m m a r y  o f  e f f e c t  o f  v i e w in g  c o n d i t i o n  o n  th e  l in e a r  r e g r e s s io n s  o f  th e  p e a k  
g r ip  a p e r tu re  o n  o b je c t  s iz e ,  w h e n  in fo r m a t io n  f r o m  H IF  w a s  u n a v a ila b le  (a )  a n d  w h e n  it  
w a s  p r e s e n t  (b ) .
(a) (b)
V ie w i n g
c o n d i t i o n
S lo p e + ( 1,25) S ig n i f i c a n c e V ie w i n g
c o n d i t i o n
S lo p e + ( 1,28) S ig n i f i c a n c e
B in o c u la r
m o n o c u la r -
m id l in e
4 .9 7
2 .1 1
1 3 .5 3
1 .1 8
P <  0 .0 0 1  
n /s
u n lit
b in o c u la r
u n li t
m o n o c u la r
4 .7 6
3 .7 2
1 5 .7 1
6 .2 3
P <  0 .0 0 0 1  
+  < 0 . 0 1
m o n o c u la r -
a l ig n e d
1 .9 1 0 .8 5 n /s
5.4. Discussion
This study was designed to examine whether distance information from HIF is 
sufficient to support reliable and accurate prehension. This was achieved by 
examining the effects o f  removing distance information from HIF (in an otherwise 
impoverished visual scene) on prehensile movements executed under binocular and 
monocular viewing. This design also allowed further examination o f  the role o f  
binocular information in the control o f  prehension, by assessing reaching performance 
when only binocular cues were available.
The results o f  the present experiment were compared to the unlit conditions in 
Chapter 4 (in which distance information from HIF was available) to explore whether 
information from HIF was the source o f visual information used to control prehension 
under unlit monocular viewing. When information from HIF was unavailable, both the 
transport and the grasp components were severely disrupted by the removal o f
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binocular information. Peak wrist velocity no longer scaled with object distance, and 
peak grip aperture no longer scaled with object size, suggesting that there was 
insufficient visual information about extrinsic and intrinsic object properties to 
program normal reaches. In addition, under monocular viewing subjects spent more 
time in the slow phase o f  movement and made a greater number o f  on-line corrections 
to their movements which are thought to indicate errors in initial planning (Marotta 
and Goodale, 1998). In contrast, the results from Chapter 4 showed that when 
distance information from HIF was available, subjects’ movements continued to scale 
with object properties in the normal way (Jeannerod, 1988; Servos et al., 1992; Servos 
and Goodale, 1994; Gentilucci et al., 1991) both under binocular and under monocular 
viewing, and there was no evidence o f  on-line corrections. Taken together, these 
results clearly demonstrate that HIF can provide sufficient information to support 
reliable prehension. This is an important finding as it demonstrates that distance 
information from HIF, which is not normally considered useful for the visual control 
o f action, can provide accurate information about object distance for the control o f  
prehension.
Clearly, the results o f  the present study also demonstrate that binocular cues remain a 
reliable source o f  information for the control o f prehension under otherwise 
impoverished viewing conditions. In the absence o f information either from HIF or 
other scene-based pictorial cues, both the transport and grasp components o f 
binocularly guided reaches continued to scale with object distance and size, 
respectively. This is in keeping with the suggestion that information from the angle o f
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convergence and horizontal binocular disparities might be sufficient to accurately 
specify object distance and size for the control o f  prehension (Mon-Williams, 
Tresilian and Roberts, 2000).
As discussed above, the finding that removing information from HIF disrupted the 
normal scaling o f  peak grip aperture with object size demonstrates that information 
from HIF was sufficient to support reliable scaling o f object size for the grasp. The 
results o f Chapter 4 showed, however, that even under fully-illuminated viewing, peak 
grip apertures were affected by the removal o f  binocular information. This suggests 
that distance from HIF can be used more effectively for controlling the transport 
component than for scaling information about object size for the grasp. As described 
in Chapter 4, Marotta, Behrmann and Goodale (1997) found a similar dissociation in 
the prehensile movements o f  visual form agnosic patients (D.F. and J.W.). Although 
under binocular viewing both patients showed normal (though variable) scaling o f  peak 
grip aperture with object size, under monocular' viewing this size constancy was 
severely disrupted and they were unable to scale their grip apertures accurately with 
object size. In contrast, the transport components o f  their reaches were largely 
unaffected by the removal o f binocular information and peak wrist velocity continued 
to scale with object distance in the normal way. This raises the possibility that the 
relatively intact systems for visuo-motor control in these patients (Goodale, Milner, 
Jakobson and Carey, 1991; Marotta et al., 1997) thought previously to depend 
critically on binocular input (Dijkerman, Milner and Carey, 1996) might also be 
sensitive to distance information from HIF in the control o f  the transport component
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o f prehension. This is supported by the results o f a recent experiment by Mon- 
Williams, McIntosh and Milner (Mon-Williams, personal comm.) who investigated 
the effects o f  perturbing convergence angle on prehension in patient D.F. (cf. Mon- 
Williams and Dijkerman, 1999). They found that changes in convergence angle 
produced predictable changes in reaches to objects positioned at eye-height. However, 
when HIF information was also present, D.F. showed reduced effects o f  changing 
convergence angle, suggesting that she was also able to use (veridical) information from 
HIF to help calibrate her reaches.
Despite these findings, the role o f  HIF in controlling prehension should not be over­
emphasised, for several reasons. It is possible that the strict assumptions required for 
HIF to yield absolute distance (Cutting and Vishton, 1995) are more likely to be met 
under the circumstances o f  the present experiments than under real-world conditions. 
In particular, a chin rest was employed, as it was necessary to control subjects’ head 
position precisely. This meant that subject’ s eye height, critical information for HIF 
to provide absolute distance, was held constant throughout the experiment. This more 
reliable coupling between object distance and absolute HIF might lead to stronger 
reliance on HIF as a distance cue than would occur* under normal viewing. Also, the 
present experiments demonstrate that HIF was used to specify object distance under 
impoverished viewing conditions when most o f the normal sources o f  information 
about object distance and size were not available. However, in the absence o f 
information from HIF subjects showed appropriate scaling o f  their transport and 
grasp components under binocular viewing. It remains to be determined whether
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information from HIF contributes significantly to the control o f  prehension when 
other sources o f  information such as binocular cues and pictorial cues are also 
available. Moreover, subjects were free to move their eyes during the experiment (i.e. 
to change their vertical gaze angle to fixate objects presented at different distances). 
The relative contribution o f  HIF information from (i) the retinal image, and (ii) extra- 
retinal information about gaze angle remains to be determined. Extra-retinal 
information might have been o f particular importance in the present study, in which 
self-illuminated objects were presented in an otherwise impoverished scene containing 
little relative distance information.
In conclusion, the empirical work in this chapter demonstrates that the preservation o f 
reaching performance under unlit monocular viewing observed in Chapter 4 was due to 
information from HIF, a distance cue previously not considered important in the 
control o f  visually guided action. When HIF too was removed, the transport and 
grasp components o f subjects’ reaches no longer scaled with object distance and size. 
At least under the conditions o f  the present experiments, HIF provides reliable and 
accurate information about object distance for the control o f prehensile movements.
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Chapter 6
The role of binocular information in the control of prehensile 
movements in multiple-object scenes61
6.1. Introduction
Information from binocular vision is typically considered to be paramount in the 
control o f reaching and grasping behaviour (Previc, 1990; Servos, Goodale and 
Jakobson, 1992; Mon-Williams and Dijkerman, 1999; see also Sakata, Taira, 
Kusunoki, Murata, Tsutsui, Tanaka, Shein and Miyashita, 1999). This is supported 
by physiological, neurological and behavioural evidence (see Chapter 1 for a review). 
The findings reported in Chapter 4 suggest, however, that previous studies may have 
overestimated the importance o f  binocular information in the control o f  prehensile 
movements. The study described in Chapter 4 examined the effects o f  removing 
binocular information on prehensile movements made both under normal viewing 
conditions and in a reduced cue environment designed to emphasise the contribution o f 
binocular information. To do this, subjects reached for objects presented in normal, 
fully-illuminated conditions, and for self-illuminated objects presented in otherwise 
dark surroundings, which removed the majority o f  monocular scene-based cues. It was 
found that under both the normal and dark viewing conditions the grasp component o f 
subjects’ reaches was disrupted by the removal o f  binocular information, leading to 
increased grip apertures. In contrast to previous findings however, the transport
61 S u b m it t e d  t o  Spatial Vision.
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component was not appreciably affected by the removal o f  binocular information; 
onset times and peak wrist velocities remained consistent. Significantly, this was the 
case even under dark viewing conditions when the lack o f scene-based cues might have 
been expected to highlight the contribution o f  binocular vision62. It was concluded 
therefore that control o f  the transport component may be less dependent on binocular 
vision than has previously been thought.
The extent to which these results are generalisable to the control o f  real-world 
prehensile movements remains open to question. An important feature o f  the 
experiment described in Chapter 4 and o f the majority o f  studies o f reaching and 
grasping behaviour, is that subjects made prehensile movements to single objects, 
presented on an otherwise empty table-top. In everyday life we rarely, if ever, 
interact with objects presented in isolation (Jackson, Jackson and Rosicky, 1995; 
Castiello, 1996; Jackson, Jones, Newport and Pritchard, 1997; Tipper, Howard and 
Jackson, 1997; Kritikos, Bennett, Dunai and Castiello, 2000). Instead, we are 
typically confronted with a cluttered scene containing a number o f  objects, one o f  
which we may wish to grasp. A number o f studies have shown that the presence o f  
additional, non-target objects can affect significantly binocularly guided prehensile 
movements (Tipper etal, 1997; Bonfiglioli and Castiello, 1998; Kritikos et al., 2000). 
It is quite possible that the contribution o f binocular information to the control o f  
normal prehensile movements has not been assessed appropriately by examining 
reaches to single objects.
62 T h e  f in d in g s  r e p o r t e d  in  C h a p te r  5 s u g g e s t  th a t  d is t a n c e  in fo r m a t io n  f r o m  h e ig h t  in  th e  v is u a l  f ie ld  
w a s  u s e d  t o  c o n t r o l  th e  t ra n s p o r t  c o m p o n e n t  u n d e r  th e s e  v i e w in g  c o n d i t i o n s .
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This conclusion is supported by the findings o f a study by Jackson et al. (1997), 
which suggest that the use o f  binocular information is highlighted when the object to 
be grasped is not presented in isolation. They compared monocular and binocular 
reaching to objects presented alone or in the presence o f one flanking object. Although 
they reported small differences between reaches executed under monocular and 
binocular viewing when their objects were presented in isolation, the size o f  the effects 
did not generally reach significance. However, when reaches were made to objects 
accompanied by a ‘ flanker’ , there was a significant advantage for binocular 
information. Compared to ‘monocular’ reaches, subjects spent less time in the 
deceleration phase o f  their reaches and their peak grip apertures were smaller.
It remains unclear why prehension might be more dependent on binocular information 
when just one additional flanking object is present. Jackson et al. (1997) suggested 
that binocular cues might be more important because greater precision is required 
under these circumstances. It can be argued that reaching in the presence o f additional 
objects demands movements which are more precisely controlled since subjects must 
not only grasp the target object, but must also avoid colliding with the surrounding 
objects (see Tresilian, 1998). The role o f  binocular cues may therefore be brought into 
sharp relief because information about the relative distances o f  objects in the scene is 
required. A  number o f studies o f  visuo-spatial attention have reported that the effects 
o f  non-target ‘ distractors’ were affected by the location and size o f the distractor. 
This suggests that extrinsic and intrinsic properties o f non-relevant objects may be
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processed in addition to the object to be grasped (see Tipper et al, 1997; Bonfiglioli 
and Castiello, 1998; Kritikos et al, 2000). Such processing may lead to an increased 
dependence on binocular information which allows relative size and distance to 
determined with great precision.
The aim o f  the present study therefore was to assess the role o f binocular information 
in the control o f  prehensile movements in multiple object scenes. Subjects’ reaching 
and grasping performance was determined under binocular and monocular viewing both 
when the target was presented in isolation and when surrounded by several flanking 
objects. In order that the contribution o f  binocular information in the presence o f  
flanking objects could be clearly determined, subjects’ performance was assessed both 
in fully lit viewing conditions and in unlit, reduced-cue conditions, where the majority 
o f monocular scene-based pictorial cues were not available. This study therefore uses 
a similar approach to the experiment reported in Chapter 4, but this time assesses 
systematically the influence o f a variety o f  non-target objects placed in a variety o f  
positions. By studying the role o f  binocular information in near isolation, the unlit 
condition should highlight its contribution to the control o f  prehension in the presence 
o f  flanking objects. The lit condition (in which subjects completed a scaled-down 
version o f  the experimental design) allows the role o f  binocular information to be 
assessed when the normal range o f  visual cues are available, and might therefore be 
expected to produce more subtle effects, as information about the relative layout o f  
objects and their supporting surfaces may be more reliable due to over-specification o f 
information (Landy, Maloney, Johnston and Young, 1995). Again, subjects’
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performance was assessed by determining kinematic indices o f  their prehensile 
movements in each viewing condition.
6.2. Method
6.2.1. Subjects
12 right-handed adult volunteers (five females, and seven males; mean age = 26.6 
years) participated in the experiment. All had normal or corrected to normal vision 
and stereoacuities o f  at least 40 arcsec as assessed by TNO test (Alfred Poll Inc., NY). 
10 participants were right-eye dominant and two were left eye dominant.
6.2.2. Apparatus and stimuli
Subjects sat at a matt black table approximately o f 80 x 80 cm. Head position was 
maintained using a chin rest. Subjects’ eye-height and the location o f  the start button 
were the same as in Chapter 4. Two mechanical shutters, one in front o f each eye, 
prevented subjects from viewing the stimuli between trials.
The arrangement o f  the target object and the possible positions o f  the flanking objects 
are shown in Figure 6.1. Subjects reached to and picked up an object, the near edge o f  
which was positioned along the midline at 40 cm from the start button. This target 
object was either presented alone or in the presence o f  one, two or four flanking 
objects. The precise location o f these flankers was varied, so that the spatial 
relationship between the flanker and target positions was not exactly the same for each
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trial. To do this, the flankers were positioned so that their centre lay within a circular 
‘ region’ (5 cm diameter) surrounding each flanker position. The precise location o f a 
flanker within the region, and its orientation, were varied at random by the 
experimenter. The positioning o f  the flanker regions was chosen so that the flanking 
objects did not physically impede reaches to the target object. The target object was 
always presented with its longest edge perpendicular to the midline, as shown in 
Figure 6.1.
target
o b je c t
fla n k e r
p o s i t i o n
r e g io n
F i g u r e  6 .1 .  D ia g r a m  o f  th e  e x p e r im e n t a l  la y o u t  s h o w in g  th e  p o s i t i o n  o f  the  
ta r g e t  o b je c t ,  a n d  th e  p o s s i b le  l o c a t io n  o f  th e  f la n k in g  o b je c t s .
Nine oblong objects were used, which were the same set o f stimulus objects used in 
Chapter 4. They were comprised therefore o f  three object depths (3, 4.4 and 7.1 cm) 
and three object widths (6, 7.5 and 9.7 cm), and were all 8 cm tall. The target object
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was the middle sized object (4.4 x 7.5 cm), and the flankers (where appropriate) were 
chosen at random from the remaining eight objects.
Subjects’ movements were recorded in the manner described in Chapter 2. A three 
camera MaeReflex system operating at 120 Hz recorded the instantaneous positions 
o f  markers attached to the thumb, the nail o f  the forefinger and to the head o f  the 
radius o f  the wrist. An additional marker was attached to the target object which was 
used to identify the end point o f  movements (see Chapter 2). Small patches o f  
luminous material were also attached to the thumb, index finger and wrist to provide 
feedback o f hand position during unlit viewing conditions.
6.2.3. Design
The subjects completed the task under four viewing conditions: (i) unlit binocular 
viewing; (ii) unlit monocular viewing; (Hi) fully lit binocular viewing; (iv) fully lit 
monocular viewing. In the unlit conditions subjects made reaches to the target object 
presented either in isolation, or accompanied by one, two or four flanking objects. In 
the lit conditions, subjects completed a subset o f  this design, and only made reaches to 
the target object presented either in isolation, or accompanied by four flankers. The 
unlit conditions were completed in total darkness. Only the luminous dots on the 
objects and the luminous markers on the wrist, thumb and index finger were visible. In 
the lit conditions, the scene surrounding the table was clearly visible to subjects, and 
contained a variety o f  items o f  laboratory equipment such as tables and computers.
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Under monocular viewing, subjects used their dominant sighting eye and the other was 
covered by a patch.
On the trials in which there was one flanker, it occurred an equal number o f  times at 
each o f the four locations. When there were two flankers, these could be arranged in a 
number o f  different ways. Therefore four arrangements were used, which were 
presented an equal number o f  times. The flankers were positioned either at the two 
left, the two right, the two near, or the two far locations. Clearly, there were no 
alternative ‘positions’ on trials in which there were no flankers, or four flankers (as 
one object was placed at each location). This gave rise to a total o f  10 flanker number 
by flanker location combinations. Under imlit conditions subjects completed three 
repetitions o f  each o f  these combinations, a total o f 30 experimental trials, both under 
binocular and monocular viewing. As described previously, in the lit conditions, 
subjects completed a subset o f  this design, completing three repetitions o f reaches to 
objects presented in isolation, or accompanied by four flankers. Trials were blocked 
by viewing condition which was counterbalanced, and within each block, individual 
trials were randomised.
The fact that in the experimental trials the subjects always picked up the same target 
object at the same distance raises the possibility that subjects might learn the 
transport and grasp parameters required to pick up the object, irrespective o f viewing 
condition or number o f flankers. To guard against this, the experimental trials were 
randomly interleaved with an equal number o f  non-experimental trials, in which the
1 5 4
size and location o f  the target object, and the flanker locations, were varied at random. 
These trials were comprised o f  the same combinations o f number o f flankers/flanker 
locations as the experimental trials. However, object distance was varied at random 
within the range 25 to 55 cm (flanker locations were also varied approximately in 
accordance with the distance to the target object) and the object to be grasped was 
randomly selected from the nine objects. This ensured that the subjects picked up 
objects o f  many different sizes, at many different distances and meant that the target 
object in the experimental trials was sometimes used as a flanker, and was sometimes 
presented as the target but at a novel distance. The inclusion o f  the distractor trials 
meant that each subject completed 60 trials in each o f the unlit conditions and 12 trials 
in each o f the lit conditions, making a total o f  144 reaches.
6.2.4. Procedure
The procedure for all four* viewing conditions was identical. As in Chapter 4, subjects 
were instructed to make quick, accurate and natural reaches with their right hand, and 
to pick up the object presented on the midline with their thumb and index finger only, 
grasping the object ‘ front-to-back’ . Subjects were informed that only one object 
would appear on the midline on each trial. Trials were initiated by opening the 
mechanical shutters. Prior to movement, subjects viewed the stimuli for 2 seconds, 
and then an audible ‘beep’ provided the signal to reach for the object. Prior to each 
trial, and throughout the 2 second viewing time, subjects were required to press down 
on the start button with their thumb and index finger, ensuring that their start position 
remained constant throughout testing (see Chapter 2).
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The dependent measures used in Chapter 4 were derived for each trial in the present 
study. These were: (1) movement onset, defined as the time between the start signal 
and the participant releasing the start button; (2) movement duration, defined as the 
time between releasing the start button and grasping the object; (3) peak velocity o f 
the wrist; (4) time to peak wrist velocity (as a percentage o f movement time); (5) peak 
deceleration o f  the wrist; (6) time in slow movement (as a percentage o f  movement 
time), defined as the time spent moving after the time to reach peak deceleration; (7) 
peak grip aperture, measured as the maximum 3-D distance between thumb and index 
finger; (8) time to reach peak grip aperture (as a percentage o f movement time).
The time at which the object was grasped was determined by examining the relative 
positions o f the MaeReflex markers on the index finger, thumb and object. When a 
stable grasp is achieved the relative positions o f  these markers becomes constant, and 
the time at which this occurred was taken as the end point o f  each movement (see 
Chapter 2).
6.3. Results
Individual mean values were calculated for each viewing condition by number o f 
flankers combination for each o f the eight dependent measures. The results for the lit 
and unlit conditions were analysed separately, and are presented below.
6.2.5. Dependent measures
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For every dependent variable, the means for each subject were entered into separate 2 
x 2 (binocular/monocular x number o f flankers) repeated measures analyses o f variance. 
Table 6.1 shows the overall mean and standard error for each dependent measure under 
binocular and monocular viewing conditions, as well as the F  statistic for the main 
effect o f  viewing condition. Summary tables detailing all main effects and interactions 
are presented in Appendix E. Post hoc Tukey’s tests were conducted, where 
appropriate, to specify the nature o f  individual effects.
6.3.1. Lit viewing conditions
T a b l e  6 .1 .  S u m m a r y  o f  e f f e c t  o f  b in o c u la r /m o n o c u la r  v i e w in g  o n  e a c h  o f  the  
d e p e n d e n t  m e a s u r e s  f o r  th e  l it  v i e w in g  c o n d i t i o n s .  T a b le  s h o w s  m e a n  v a lu e s , 
w it h  S E M  in  p a r e n th e s e s .
V i e w i n g  C o n d i t i o n
D e p e n d e n t  M e a s u r e  L i t  B in o c u la r  L it  M o n o c u l a r  F  s ta t is t ic
M o v e m e n t  o n s e t  
(m s e c )
2 7 7 .2  ( 3 6 . 9 ) 2 6 3 .3  ( 3 3 .1 ) F ( i ,i i)  -  0 .2 0 , n/s
M o v e m e n t  d u r a t io n  
(m s e c )
7 6 6 .4  ( 3 4 . 7 ) 8 5 2 .1  ( 3 9 .6 ) + ( i . i i )  =  1 3 .3 3 , +  < 0 . 0 1
p e a k  v e lo c i t y  
( m m s e c '1)
7 8 5 .1  ( 3 3 . 1 ) 7 9 9 .9  ( 3 1 .0 ) II o C
i
o n/s
t im e  t o  p e a k  
v e lo c i t y  ( % ) *
3 9 .5  ( 1 .2 4 ) 3 6 .0  ( 1 .2 4 ) + ( , . „ )  =  1 2 .8 3 , +  < 0 . 0 1
p e a k  d e c e le r a t io n  
( m m s e c '2)
2 6 2 9 .2  ( 1 7 1 . 0 ) 2 6 7 4 .0  ( 1 6 6 .2 ) + ( i ,u )  =  0 .2 3 , n/s
t im e  in  s lo w  
m o v e m e n t  ( % ) *
3 6 .4  ( 1 .4 6 ) 4 3 .4  ( 1 .3 0 ) + ( i , i t )  — 2 8 .4 3 , +  < 0 . 0 0 1
p e a k  g r ip  a p e rtu re  
(m m )
7 8 .7  ( 1 .9 6 ) 8 4 .2  ( 2 .3 0 ) + ( i , iD  =  1 3 .7 9 , +  < 0 . 0 1
t im e  t o  p e a k  g r ip  
ap ertu re  ( % ) *
7 3 .9  ( 0 .8 8 ) 6 7 .8  ( 1 .3 4 ) + ( ! . „ ) =  1 5 .9 7 , +  < 0 . 0 1
*  c a lc u la t e d  as a  p e r c e n t a g e  o f  to ta l  r e a c h  d u ra t io n
Transport component (lit conditions)
In general, the effects o f  binocular/monocular viewing on the transport component 
under lit conditions were relatively minor, and were similar to those observed 
previously in Chapter 4. Figure 6.2 plots in detail how peak wrist velocity changed
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with number o f  flankers for the binocular and monocular viewing conditions. It can be
removal o f binocular information, regardless o f the presence o f  flankers. Similarly, 
movement onset time and peak deceleration also did not differ under binocular and 
monocular viewing. Table 6.1 shows however, that the proportion o f  time in the slow 
movement phase was significantly affected by binocular/monocular viewing. Under 
monocular viewing, subjects spent a greater proportion o f time in the final slow phase 
o f  the movement, perhaps indicating differences in on-line control (or a greater 
requirement for on-line control due to initial errors in estimating object properties). 
Accordingly, ‘monocular’ reaches also showed longer durations. Consistent with this 
increase in time spent in the slow phase, time to peak velocity, as a proportion o f 
movement time, occurred earlier in reaches executed under monocular viewing.
seen in both Table 6.1 and Figure 6.2 that peak wrist velocity was unaffected by the
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n u m b e r  o f  f l a n k e r s
F i g u r e  6 .2 .  P e a k  w r is t  v e l o c i t y  as  a  f u n c t io n  o f  th e  n u m b e r  o f  f la n k in g  o b je c t s  
in  th e  l it  c o n d i t i o n s .  B in o c u la r  v i e w in g  is  in d ic a te d  b y  th e  s q u a r e s , an d  
m o n o c u la r  v i e w in g  is  in d ic a t e d  b y  th e  c i r c le s .  T h e  e rro r  b a r s  r e p r e s e n t  ± 1  
s ta n d a rd  e rr o r .
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In contrast to the effects o f  binocular/monocular viewing, peak wrist velocity was 
affected by the number o f  flankers (Ffyii) = 5.91, P < 0.05). When there were four 
flankers, subjects reached lower peak wrist velocities than when the object was 
presented in isolation. Reaches in the presence o f four flankers also produced lower 
peak decelerations (F(1H) = 8.06, P < 0.05) and longer movement durations (Ffyn) = 
6.71, P < 0.05). However, movement onset time, time in the slow phase and time to 
peak wrist velocity were not affected by the number o f flankers present.
A  key result is that the interactions between viewing condition and number o f  flankers 
were not significant for any o f  the kinematic parameters o f  the transport component. 
In contrast to the findings o f  Jackson et al. (1997), this suggests that the presence o f  
flankers did not give rise to an advantage for binocular viewing in the control o f  the 
transport component (at least not in the lit conditions).
Grasp component (lit conditions)
Analysis o f  the grasp component also revealed similar effects o f  binocular/monocular 
viewing to those reported previously in Chapter 4. Figure 6.3 shows how peak grip 
aperture changed with binocular/monocular viewing and the number o f  flankers. As 
shown in Table 6.1, peak grip aperture was significantly affected by the removal o f 
binocular information. Consistent with the findings o f Jackson et al. (1997) and the 
experiment reported in Chapter 4, peak grip apertures were larger with monocular than 
with binocular viewing. Also, time to peak grip aperture, as a proportion o f 
movement duration, occurred earlier under monocular viewing. It is evident from
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Figure 6.3 however, that in contrast to the results for the transport component, grip 
apertures were not significantly affected by the presence o f  additional flankers. Once 
again, there were no significant interactions between viewing condition and number o f  
flankers for the kinematic parameters o f  the grasp component.
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F i g u r e  6 .3 .  P e a k  g r ip  a p e r tu re  a s  a  fu n c t io n  o f  th e  n u m b e r  o f  f la n k in g  o b je c t s  in  
th e  l it  c o n d i t i o n s .  B in o c u la r  v i e w in g  is  in d ic a t e d  b y  th e  s q u a r e s , a n d  m o n o c u la r  
v i e w in g  is  in d ic a te d  b y  th e  c i r c le s .  T h e  e r r o r  b a r s  r e p r e s e n t  ± 1  s ta n d a rd  e rr o r .
E ffects o f experimental manipulations on variability (lit conditions)
Variability in the lit conditions was analysed in the same fashion as the mean scores. 
For each dependent measure, subjects’ standard deviation scores for each viewing 
condition by number o f  flankers combination were entered into separate analyses o f  
variance. For each o f  the dependent measures, variability was found not to be affected 
significantly by binocular/monocular viewing, or by number o f flankers.
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The data for the unlit conditions were analysed in a similar fashion to the lit 
conditions, reported above. For each subject the data for the ‘ one flanker’ and ‘ two 
flanker’ trials were collapsed across the four flanker arrangements to give an overall 
mean for each number o f  flankers. The effects o f  individual flanker locations were 
analysed separately, and are reported below. For each o f  the dependent measures, 
individual means for each viewing condition by number o f  flankers combination were 
entered into separate 2 x 4  (binocular/monocular x number o f  flankers) repeated 
measures analyses o f  variance. Details o f  all main effects and interactions are 
presented in Appendix F. Table 6.2 shows the overall means, standard errors, and F  
statistics for the main effect o f  viewing condition.
6.3.2. Unlit viewing conditions
T a b l e  6 .2 .  S u m m a r y  o f  e f f e c t  o f  b in o c u la r /m o n o c u la r  v i e w in g  f o r  th e  u n lit  
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Transport component (unlit conditions)
In the unlit conditions, the effects o f  binocular/monocular viewing were very similar to 
the results reported for the lit conditions, above. Figure 6.4 shows how peak wrist 
velocity changed with number o f  flankers for the binocular and monocular viewing 
conditions. Table 6.2 shows that peak wrist velocity was not significantly affected by 
the removal o f binocular information. Again this is consistent with the findings 
reported in Chapter 4. Movement onset time and peak deceleration were also 
unaffected by binocular/monocular viewing. Table 6.2 shows that, as was the case for 
the lit conditions, the proportion o f  time in the slow phase was significantly longer 
under monocular viewing. Accordingly, reaches also showed longer durations, and 
time to peak velocity, as a proportion o f  movement time, occurred earlier under 
monocular viewing.
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Once again, there was a significant main effect of number of flankers on peak wrist 
velocity (+’(3 33) = 2.95, P  < 0.05). However, post hoc tests showed that in contrast to 
the findings for the lit conditions, reported above, under unlit viewing conditions 
movements made in the presence of four flankers reached significantly higher peak 
wrist velocities than reaches to single objects (P < 0.05). Peak deceleration, onset 
time, movement duration, time in the slow phase, and time to peak velocity were all 
unaffected by number of flankers. As in the lit conditions, no advantage was found for 
binocular viewing in the presence of flankers, as indicated by the fact that there were 
no significant binocular/monocular viewing by number-of-flankers interactions for any 
of the dependent measures.
Grasp component (unlit conditions)
In the unlit conditions, the effects on the grasp component of binocular/monocular 
viewing and of number of flankers were almost identical to those found in the lit 
conditions. Figure 6.5 shows how peak grip aperture was affected by 
binocular/monocular viewing and number of flankers. Table 6.2 shows that peak grip 
apertures were again significantly larger under monocular viewing. Time to peak grip 
aperture again occurred earlier under monocular viewing. Also, as is evident from 
Figure 6.5, grip apertures were not affected by the presence of additional flankers and 
there was no significant binocular/monocular viewing by number of flankers 
interaction.
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number of flankers
Figure 6.5. Peak grip aperture as a function o f  the number o f  flanking objects in 
the unlit conditions. The data for the ‘ 1 flanker’ and c2 flankers’ points were 
collapsed across the different flanker locations. Binocular viewing is indicated by 
the squares, and monocular viewing is indicated by the circles. The error bars 
represent ±1 standard error.
Effects o f  experimental manipulations on variability (unlit conditions)
Analysis of the standard deviations for each viewing condition by number of flankers 
combination again revealed no significant effects of either independent variable on the 
variability of any of the dependent measures under unlit viewing.
Comparison o f  lit and unlit conditions
In general the differences between reaches executed in the lit and unlit conditions were 
identical to those reported in Chapter 4, and therefore they are not discussed here (see 
Tables 6.1 and 6.2). However, visual inspection of Figures 6.2 and 6.4 suggests that in 
the presence of four flanking objects, the peak wrist velocity o f subjects’ reaches did
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not differ between the lit and the unlit conditions. This was confirmed by conducting 
t-tests comparing across illumination conditions (collapsed across binocular/monocular 
viewing). As in Chapter 4, when the target object was presented in isolation peak 
wrist velocities were significantly slower in the unlit conditions than in the lit 
conditions (lit conditions = 806 mms'1, unlit conditions = 746 mms'1; t(n) = 3.19, P < 
0.01). However, for reaches executed in the presence of four flanking objects, peak 
wrist velocities in the lit and unlit conditions did not differ significantly (lit conditions 
= 779 mms'1, unlit conditions = 770 mms'1; t(n) = 0.60, P > 0.05).
6.3.3. Effects of flanker location (unlit viewing conditions)
The effects of flanker location for the ‘one flanker’ and ‘two flanker’ trials were 
analysed separately. For each dependent measure, individual subjects’ means were 
entered into a 2 x 4 (binocular/monocular viewing x flanker location) repeated measures 
analysis of variance. ANOVA summary tables detailing main effects and interactions 
for the ‘one flanker’ and ‘two flanker’ conditions are presented in Appendix G and 
Appendix H, respectively. For both the ‘one flanker’ and ‘two flanker’ trials the 
effects of binocular/monocular viewing were identical to those for the overall means, 
reported above, and there were no interactions between binocular/monocular viewing 
and flanker location for any of the dependent measures. Therefore these effects are 
not discussed separately here. Overall, the locations of the flankers had few effects on 
the kinematic parameters of subjects’ reaches, and so only the significant comparisons 
are reported.
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For the ‘one flanker’ trials, there were significant main effects of flanker location on 
time in the slow movement phase (F(3j33) = 4.24, P < 0.05) and on time to peak wrist 
velocity (P(3,33) = 3.81, P < 0.05). Post hoc Tukey’s tests revealed that when the 
flanker was at the near right location, compared to the far left location, subjects spent 
a shorter proportion of movement time in the slow phase (P <0.01) and time to peak 
wrist velocity occurred later (P < 0.05).
For the ‘two flankers’ trials, there was a significant main effect of flanker location on 
peak wrist velocity (7+3)33) = 3.28, P  < 0.05) and peak deceleration (P(3,33) ~ 3.44, P  < 
0.05). Post hoe tests showed that when the flankers were at the two far locations 
subjects’ peak wrist velocities and peak decelerations were slower than when the 
flankers were positioned at the near and far right locations (P < 0.05). In addition, 
reaches when the flankers were at the two near locations showed marginally faster 
peak wrist velocities (P = 0.06) than when the flankers were at the two far locations. 
It is interesting to note that the near right flanking object was involved in each of the 
significant effects of flanker location. The left and right flankers were equidistant from 
the start point. However, as the subjects were right-handed, the near right flanker was 
closest to the their hand/arm during the reaches.
6.4. Discussion
The present study was designed to assess the role of binocular information in the 
control of prehensile movements in multiple object scenes. This situation was more 
representative of everyday performance than reaches to single objects which have
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mainly been studied previously (although see Jackson et al, 1997). Performance was 
assessed under fully lit viewing conditions, and in a reduced-cue situation in which the 
majority of monocular visual cues were unavailable. The latter condition was 
important as it should have allowed the effect of removing binocular information in the 
presence of additional flanking objects to be clearly discerned. Using a similar method, 
the study described in Chapter 4 found a clear* dissociation between the role of 
binocular* information in the control of the transport and grasp components of 
prehensile movements to single objects. This finding was replicated in the present 
study. The removal of binocular cues did not affect the principal indices of the 
transport component (onset time, peak wrist velocity and peak deceleration), either in 
the presence or* absence of the majority of monocular* cues. Consistent with Chapter 
4, removing binocular* information did produce an increase in the amount of time spent 
in the final slow movement phase of reaches, and peak grip apertures were also 
significantly affected by the removal of binocular* information, again both in normal 
and reduced-cue situations.
Importantly, the effects of binocular/monocular viewing were consistent irrespective 
of whether or not there were additional flanking objects present. The failure to find 
any significant interactions between binocular/monocular viewing and the number of 
flankers present, even in the unlit conditions, suggests that the role of binocular 
information was unaffected by the presence of additional objects. This contradicts the 
results of Jackson et al. (1997) who found that prehensile movements depended more 
on binocular vision when there was an additional flanking object present. However,
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subjects’ reaches were not entirely unaffected by the presence of flanking objects. 
The transport component was disrupted by the presence of all four flanking objects 
under both unlit and lit conditions. In the lit conditions peak wrist velocities 
decreased in the presence of flanking objects and in the unlit conditions they increased. 
Also, Jackson et al. (1997) only reported a significant interaction between number of 
flankers and binocular/monocular viewing for time spent decelerating and peak grip 
aperture. In the present study, time in the slow phase and peak grip aperture were 
both significantly affected by the removal of binocular information, even for reaches to 
single objects.
Interestingly, the presence of flankers affected the transport component of subjects’ 
reaches differently in the lit and unlit viewing conditions. In the lit conditions, the 
presence of flanking objects led to slower peak wrist velocities, slower peak 
deceleration and longer movement durations. These findings are similar to those 
reported in previous studies (Jackson et al., 1995; Tipper et al., 1997). However, in 
the unlit conditions, the presence of flanking objects led to an increase in peak wrist 
velocity. This raises the possibility that under impoverished viewing conditions, 
performance may actually be enhanced by the presence of extra objects in the scene 
(see also Chapter 7). In Chapter 4, reaches were considerably affected by the removal 
of monocularly available scene-based information. Subjects showed considerably 
slower peak wrist velocities, increased time in the slow phase and wider peak grip 
apertures in the unlit conditions. These findings were generally replicated here, 
irrespective of the presence of flankers. However, when four flanking objects were
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present, peak wrist velocities did not differ significantly between the lit and unlit 
conditions63.
The manipulation of flanker location produced relatively few effects on the kinematic 
parameters of subjects’ reaches. It is interesting to note however, that all of the 
effects of flanker location reported involved trials in which a flanker was positioned at 
the near right location. This object was the same distance from the target and the start 
button as the near left object. However, as subjects were right handed, this object was 
closer to being a physical obstruction to movements than the left hand object. These 
results may therefore indicate a reach planned to avoid colliding with the near* right 
object (Tresilian, 1998).
The finding that in the presence of flanking objects the transport component was 
largely unaffected by the removal of binocular information, even in reduced-cue 
conditions, while the grasp component was significantly disrupted, is consistent with 
the view that the transport and grasp components of prehensile movements are 
controlled relatively independently (Jeannerod, 1984; Jeannerod, 1988; Sakata and 
Taira, 1994). It also provides further support for the suggestion that binocular 
information is involved selectively in the control of the grasp component. One 
exception to this however, is the finding that time spent in the slow movement phase 
was consistently increased by the removal of binocular information. Several studies 
have suggested that visual information available on-line is important in controlling the
63 Note that the se lf illuminated objects were not sufficiently bright to illuminate features o f  the 
surrounding scene.
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final phase of grasping and aiming movements (Paillard, 1982; Connolly and Goodale, 
1999). In contrast, kinematic markers that occur early in the movement (i.e. peak 
wrist velocity) are commonly thought to be controlled by the pre-movement view of 
the object (Jeannerod, 1988; Jakobson and Goodale, 1991; Servos and Goodale, 1994; 
Connolly and Goodale, 1999). Peak velocities were unaffected by 
binocular/monocular viewing in the present study, although time in the slow phase 
was consistently longer under monocular viewing. These results therefore support the 
view that binocular information might be necessary for optimal on-line control of the 
final closing phase of the movement (Jackson et al., 1997). However, the pre­
movement planning of the transport component may not to be dependent on binocular 
information.
In conclusion, this study found that the role of binocular information in the control of 
prehensile movements in the presence of multiple flanking objects does not differ from 
that for reaches to single target objects. Binocular cues may play an important role in 
grasp formation, as grasp parameters are disrupted by the removal of this information 
both in the presence and absence of monocular scene-based cues. The transport 
component of the reach, by contrast, appears to be far less dependent on binocular 
information, although the final closing phase of movements are affected significantly 
by its removal. Clearly in real-world scenes there may be situations where other 
monocular cues such as familiar size become important for the control of reaches. 
Similarly, situations might arise where binocular cues are more important, such as 
when flanking objects overlap the target, or form an actual physical obstacle to a
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reaching movement. However, at least under the conditions of the this study, the 
presence of flanking objects did not increase the need for binocular information and the 
findings support the earlier conclusion of Chapter 4 that prehensile movements are 
less dependent on binocular information than has typically been thought.
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Chapter 7
Reaching with a restricted field of view71
7.1. Introduction
In the preceding chapters the contributions of specific types of visual information to 
the control of prehensile movements have been examined. Another important issue is 
the extent of the available visual field. In studies of perception and action, the field of 
view (FOV) is often reduced as an inadvertent consequence of the experimental 
manipulation. Typically, objects are presented in occluded or textureless surrounds 
due to the use of shutter glasses, small apertures or head mounted displays (e.g. 
Jakobson and Goodale, 1991; Servos and Goodale, 1994; Jackson, Jones, Newport and 
Pritchard, 1997; Bingham and Pagano, 1998) or as self-illuminated objects in a dark 
viewing environment (Marotta and Goodale, 1998). A study by Dolezal (1982) 
suggests that reducing the FOV in this way this might have important implications for 
the control of prehensile movements. Dolezal (1982) observed that wearing goggles 
which restricted the fields of view of both eyes to 12 degrees made familiar objects 
appear nearer and smaller, and caused significant ‘under-reaches’ to such objects. 
Furthermore, he reported that these effects persisted over prolonged periods. Despite 
the obvious implications of these observations, the effects of varying the extent of the 
FOV on visuo-motor performance have only seldom been explored leaving a number of 
fundamental properties of this phenomenon to be determined. These include (/')
71 The experiments reported in this chapter have been published in Watt, S.J., Bradshaw, M .F. and 
Rushton, S.K. (2000) Field o f  view  affects reaching, not grasping. Experimental Brain Research, 135, 
411-416.
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whether restricting the FOV affects the estimates of object distance and size used to 
control reaching and grasping; (ii) whether reaching performance varies systematically 
as a fimction of visual field size; and (Hi) whether the effects result from changes in 
information available binocularly or monocularly.
7.2. Experiment 1
Reaching with a restricted FOV was examined by Sivak and MacKenzie (1990) who 
investigated the relative contribution of central and peripheral vision to the control of 
prehension. They measured the ability o f subjects to reach for a small dowel, viewed 
binocularly, when either only the central 10 degrees of each visual field were available 
or when they were occluded (i.e. peripheral vision only). They found that when only 
peripheral information was available, the kinematics of both the transport and the 
grasp components of movements were disrupted whereas when only central 
information was available, only the transport component was disrupted. The fact that 
peak wrist velocities, for example, were slower and occurred sooner than under normal 
viewing led Sivak and MacKenzie (1990) to conclude that the wrist velocity profiles 
produced with only central vision were consistent with motor programs based on their 
target objects appearing nearer than they actually were. This is consistent with 
Dolezal’s (1982) original observations (see also Coello and Grealy, 1997). However, 
Sivak and MacKenzie’s (1990) study was designed to investigate the contributions of 
peripheral and central vision to the overall execution of natural prehensile movements 
including, therefore, both the initial planning and on-line control of reaches. 
Consequently subjects received both visual and haptic feedback of their hand position 
relative to the target object. Under these conditions it is always possible to grasp the
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target object successfully and so absolute errors in estimates of object distance and 
size cannot be determined. Furthermore, restricting the FOV changes the nature of the 
on-line visual feedback available to subjects. For example if, under normal closed-loop 
viewing conditions, the target object is fixated then visual feedback about hand 
position is available from peripheral vision before and throughout most of the 
movement. However, if only central vision is available because of a restricted FOV, 
visual feedback of hand position is unavailable until the veiy end of the movement. It 
remains unclear therefore, whether the change in performance reported by Sivak and 
MacKenzie (1990) when a reduced FOV was used resulted from the target object 
appearing nearer, or from the change in the availability of on-line visual feedback. 
Indeed, Connolly and Goodale (1999) reported that preventing subjects from viewing 
their moving limb, while still allowing vision of the target object, affected the 
kinematics of the transport component of prehensile movements, although grasp 
formation was unaffected (but see Elliott, 1988).
The aim of Experiment 1 was to determine whether estimates of object distance and 
object size, used to control the transport and grasp components, are affected by 
decreasing the size of the visual field. Absolute spatial measures were determined for 
reaches made with a restricted FOV under open-loop conditions where subjects 
received no visual or haptic feedback about their movements and their final accuracy. 
Previously, the effects of restricting the FOV have been examined by comparing 
reaching made with full-fleld vision, to reaches made with central vision only. In the 
present study subjects made reaches under five visual field sizes (4, 8 , 16, 32, and 64
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degrees) to determine whether restricting peripheral vision per se affects reaching, or 
whether the effects vary systematically with field size.
7.3. Experiment 1: Method
7.3.1. Subjects
Six right-handed adult volunteers (5 males and 1 female; mean age = 28.8 years) 
participated in the experiment. All had normal or corrected to normal vision and 
stereoacuities of at least 40 arcsec as assessed by TNO test (Alfred Poll Inc., NY).
7.3.2. Apparatus
Subjects were seated at a table approximately of 80 x 80 cm. Their eye-height was 
approximately 35 cm above the surface of the table. The environment was fully-lit, 
and the edges of the table, the walls of the laboratory and various items of laboratory 
equipment including a computer were present in the surrounding scene. As in the 
experiments reported in the previous chapters, a microswitch located on the body 
midline, below the chin, served as the start position. A cardboard screen prevented 
subjects viewing their hand on the start switch. The FOV was manipulated by 
attaching different sized circular apertures (holes cut in matt black card) to the ends of 
tubes attached to the front of standard welding goggles. The tubes were 4.5 cm in 
diameter and 5 cm long. The size of the goggles was such that when worn the 
apertures/ends of the tubes were approximately 7 cm from the subjects’ eyes. In the 
32 degree FOV conditions the apertures were removed and subjects viewed the scene 
directly through the tubes. In the 64 degree conditions the tubes were removed 
completely and the correct FOV was provided by the circular apertures (4.6 cm) in the
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welding goggles. The tubes were slightly converged (each by approximately 4 degrees) 
in order to provide sufficient binocular overlap, particularly in the smallest FOV 
conditions. Similarly, the horizontal separation of the apertures was adjusted for each 
subject so that the target objects were fully visible to each eye, and that the scene did 
not appear diplopic. Apart from the apertures, the goggles were light-proof. The 
objects were white paper rectangles (i.e. two-dimensional targets) placed flat on the 
surface of the table. During trials the objects were covered with a thin, clear acetate 
sheet to prevent subjects receiving tactile feedback as to their hand position relative to 
the object. Subjects were free to move their heads throughout the experiment.
Positions of infra-red reflective markers attached to the wrist, forefinger and thumb 
were recorded using a three camera MaeReflex motion analysis system, as described in 
Chapter 2.
7.3.3. Design
Subjects made reaches to a 3 cm (width) x 5 cm (front-to-back) object positioned at 
36.8 cm from the start point, along the body midline, under five FOV conditions (4°, 
8°, 16°, 32°, and 64°). The stimuli were viewed binocularly. In order to prevent 
subjects producing a ‘stereotyped’ response, these experimental trials were randomly 
interleaved with reaches to a second object ( 5 x 7  cm) positioned either at 
approximately 25 or 50 cm from the start position. The locations of these 
‘distractors’ were not fixed, but were varied randomly by the experimenter, in the 
range ±5 cm. Trials were blocked by FOV condition which was randomly ordered,
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and subjects completed each object/distance combination three times (45 trials in 
total).
7.3.4. Procedure
Between trials subjects sat with their eyes closed, and pressed down the start button 
with their index finger and thumb, which were lightly touching. The start of a trial was 
signalled by an audible ‘beep’. Subjects were instructed to open their eyes on this 
signal, and as soon as they saw the object to reach at a natural speed as if to grasp the 
object front-to-back with their thumb and forefinger (i.e. to place their thumb and 
forefinger in the appropriate position on the table to pick up the object). Releasing 
the start button extinguished the light and therefore no visual feedback about 
performance was available.
7.3.5. Dependent measures
The following dependent measures were derived from the 3-D coordinates of the 
markers for each trial: (1) distance reached, defined as the final displacement of the 
thumb (along the midline) at the end of the movement; (2 ) final grip aperture, defined 
as the distance between the thumb and index finger at the end of the movement; (3 ) 
peak velocity of the wrist; and (4) movement direction, defined as the angular 
deviation of the final thumb position from straight ahead.
7.4. Experiment 1: Results and discussion
For each subject, the mean values of the dependent measures were calculated for each 
viewing condition. The data for the four dependent measures were entered into 
separate one-way analyses of variance.
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Figure 7.1a clearly shows that the distance reached was significantly affected by the 
reduced visual field sizes. As the FOV was decreased the distance reached also 
decreased. In the condition with four degree apertures, the distance reached was 
under-estimated by over four centimetres. A linear contrast showed that this trend 
was significant (F(15) = 42.81, P < 0.01). Figure 7.1b plots peak wrist velocity as a 
function of the FOV, and shows that the kinematics of the reaches were similarly 
affected. A linear contrast showed that peak wrist velocity also decreased as the FOV 
was decreased (F(i>4> = 14.82, P  < 0.05; data during the movement were missing for 
one subject for the eight and 16 degree conditions, so their data are not included in this 
analysis). However, despite these undershoots, a linear contrast revealed no 
significant effect of FOV on movement direction (Ffy5> = 0.44, P > 0.05).
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Figure 7.1. Distance reached (a) and peak wrist velocity (b) as a function o f  the 
extent o f  the FOV. Error bars represent ±1 standard error. The dashed line in 
Figure 7.1a shows veridical performance, and the dotted line shows the linear 
regression o f  distance reached onto FOV.
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Least squares regression was used to examine the nature of the relationship between 
FOV and distance reached. Individual differences in the typical distance reached by 
subjects constituted a large proportion of the variance in the data. Therefore the raw 
data were normalised prior to performing the least squares fit. To do this, the mean 
distance reached across all FOV conditions was first calculated for each subject 
individually. A ‘correction constant’ was then derived for each subject, by calculating 
the difference between the subject’s mean and the overall mean (i.e. all subjects at all 
conditions). Each subject’s particular constant was then added to their distance 
reached under each of the FOV conditions, so that the mean distance reached across all 
FOV conditions was the same for each subject. However, the magnitude of the effect 
of FOV on the distance reached by each subject was unaffected by the normalisation. 
This served to remove variability from individual differences in the typical distance 
reached, while preserving individual differences in the effect of FOV. Regression 
showed that distance reached increased linearly with visual field size (r2 = 0.62) with 
FOV plotted on a log axis (Figure 7.1a). Visual inspection of Figure 7.1a suggests that 
reaching performance improves only when the field size is greater than eight degrees. 
Fitting a piecewise (i.e. knee-shaped) linear function to the data did produce a slightly 
improved fit (r2 = 0.68) as did fitting a quadratic function (r2 = 0.69). However, t- 
tests comparing residuals revealed that these were not significantly better than a linear 
fit.
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Figure 7.2 shows that in contrast to the effects on distance reached, the grasp 
component did not change when the FOV was restricted. A linear contrast showed 
that there was no effect of FOV on final grip aperture (Ffys) = 0.06, P > 0.05), 
although grip size did differ with the different object sizes used (i.e. target and 
distractors). Of course, the effect o f reducing the FOV on grip aperture might be 
expected to be smaller in magnitude than the effect on distance reached. However, 
when the effects on the two dependent measures were compared directly, by 
recalculating the data as percentage change relative to performance in the 64 degree 
condition, the magnitude of the effect on grip aperture remained small. In the 4 and 8 
degree FOV conditions, the undershoot in the transport component was 13 and 14%, 
whereas the grip apertures were only reduced by 4 and 0% respectively.
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Figure 7.2. Final grip aperture as a function o f  the extent o f  the FO V. Error 
bars represent ±1 standard error. The dashed line shows veridical performance.
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Variability in subjects’ performance was also analysed, by entering the within-subject 
standard deviation scores for each dependent measure into separate analyses of 
variance. This analysis showed that, for all of the kinematic parameters, within- 
subject variability was not significantly affected by the extent of the FOV.
Summary
These findings clearly show that distance reached was affected by restricting the FOV, 
and that this varied systematically as a function of visual field size. Moreover, as 
subjects received no visual or tactile feedback during the experimental trials, which 
prevented on-line correction and feedback about the final accuracy of their movements, 
it is suggested here that the disruption to the reaching movement caused by restricting 
the FOV is attributable to errors in the initial estimate of object distance used to 
control the reaching movement. This partially supports the observations of Dolezal 
(1982). However, although Dolezal (1982) reported that objects appeared both nearer 
and smaller when he was wealing his FOV restricting goggles, grip apertures in the 
present study were unaffected by varying the FOV. This result is surprising, as a 
simple size-distance scaling hypothesis predicts that if objects appeal* nearer they 
should also appear smaller. However, Sivak and MacKenzie (1990) also found that 
restricting the FOV affected the transport component but not the grasp component of 
reaches. These findings are consistent with the view that the transport and grasp are 
relatively independent components of a prehensile movement (Jeannerod, 1981, 1988; 
Sakata and Taira, 1994) and suggest that the information used to recover, or scale,
Effects o f FOV on variability
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egocentric distance for the control of the transport component may be dissociable 
from the information used to recover size and shape for the control of the grasp 
component.
7.5. Experiment 2
In Experiment 1, in common with both Dolezal’s (1982) and Sivak and MacKenzie’s 
(1990) studies, subjects viewed the stimuli binocularly. As reviewed in Chapter 1, 
binocular cues are commonly thought to be pre-eminent in the control of reaching and 
grasping movements (Previc, 1990; Servos, Goodale and Jakobson, 1992; Mon- 
Williams and Dijkerman, 1999) due to the fact that they specify the full metric 
properties of the visual scene including absolute distance (Foley, 1980; Rogers and 
Bradshaw, 1993; Glennerster, Rogers and Bradshaw, 1996). The reduction in the 
FOV may affect our ability to exploit such information as, in order for absolute depth 
relations to be specified, horizontal disparities have to be calibrated using an estimate 
of the distance to some point in the scene (Foley, 1980; Rogers and Bradshaw, 1993). 
The use of vertical disparities may be of particular interest in this context as their 
influence has been shown to vaiy as a function of FOV (Rogers and Bradshaw, 1995; 
Bradshaw, Glennerster and Rogers, 1996), and so the disruption in reaching 
performance may be directly attributable to the progressive elimination of cues 
necessary to scale binocular disparities. Experiment 2 therefore investigated whether 
the effects of reducing the FOV are purely a binocular phenomenon or whether they 
occur under monocular viewing conditions. To do this, subjects made reaches under a 
small (8 degree) and a large (64 degree) visual field size, under both binocular and 
monocular viewing.
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7.6. Experiment 2: Method
7.6.1. Subjects
Nine right-handed adult volunteers (3 males and 6 females; mean age = 29.5 years) 
completed Experiment 2. Subjects participation was voluntary. All had normal or 
corrected to normal vision and stereoacuities of at least 40 arcsec as assessed by TNO 
test (Alfred Poll Inc., NY).
7.6.2. Design and procedure
The apparatus, and experimental procedure in Experiment 2 were identical to those 
used in Experiment 1. Subjects made reaches to the target object used in Experiment 1 
( 3x5  cm) positioned either at 25, 36.8 or 50 cm from the start point, under binocular 
and monocular viewing with both 8° and 64° FOV. Monocular viewing was achieved 
by covering the aperture in front of the non-dominant sighting eye. Trials were 
blocked by binocular/monocular viewing and FOV conditions. Subjects completed 
each object/distance combination (randomly ordered) three times (36 trials in total). 
Under binocular viewing the start position and object locations were identical to the 
above conditions (i.e. along the midline). In the monocular conditions, the start 
position and object locations were aligned with the viewing eye so that information 
from the horizontal version angle could not be used as a distance cue. The dependent 
measures used in Experiment 1 were derived for each trial in the present experiment.
7.7. Experiment 2: Results and discussion
For each subject, the mean values of the dependent measures were calculated for each 
viewing condition. The data for each dependent measure were then entered into
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separate 2 x 2 x 3  (binocular/monocular viewing x FOV x object distance) analyses of 
variance. Full details of all main effects and interactions are presented in Appendix I.
Figure 7.3 plots in detail how distance reached increased with object distance in each 
of the four viewing conditions. It can be seen that a similar effect of FOV was evident 
in both binocular and monocular viewing conditions. There was a significant main 
effect of FOV on distance reached (Ffys) = 45.63, P < 0.01) but no effect of binocular 
versus monocular viewing (Ffyg) = 1.08 P  > 0.05).
object distance (cm)
Figure 7.3. Distance reached as a function o f  object distance for each viewing 
condition. Binocular viewing is indicated by squares, and monocular viewing is 
indicated by circles. The 64 degree FO V conditions are indicated by open 
symbols, and the 8 degree FO V conditions are indicated by filled symbols. Error 
bars represent ±1 standard error. The dashed line shows veridical performance.
As in Experiment 1, subjects reached less far in the 8 degree FOV condition. This 
experiment also examined the effects of restricting the FOV on reaches to several
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different object distances. As expected, distance reached scaled significantly with 
object distance, but there was also a significant FOV x object distance interaction 
(F(2,i6) = 6.97, P < 0.01). Post hoc Tukey’s tests (alpha level 0.01) showed that while 
subjects reached less far under the 8 degree FOV at all distances, this effect increased 
with increasing object distance. The magnitude of the effect remained a constant 
proportion of the target distance (11, 10 and 10% for the 25, 36.8 and 50 cm distances 
respectively). Analysis of peak wrist velocity again showed the same pattern of 
effects as for distance reached. There was a significant main effect of FOV on peak 
wrist velocity = 25.31, P  < 0.01), no effect of binocular versus monocular 
viewing (F^ij) = 1.78 P > 0.05) and a similar FOV x object distance interaction (F^m) 
= 6.89, P < 0.01). These data are plotted in Figure 7.4.
object distance (cm)
Figure 7.4. Peak wrist velocity as a function o f  object distance for each viewing 
condition. Binocular viewing is indicated by squares, and monocular viewing is 
indicated by circles. The 64 degree FOV conditions are indicated by open 
symbols, and the 8 degree FOV conditions are indicated by filled symbols. Error 
bars represent ±1 standard error.
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In keeping with the results of Experiment 1, final grip apertures and movement 
direction were not affected by FOV, and there were no effects of binocular/monocular 
viewing or object distance. Once again, analysis of the within-subject standard 
deviation scores for each dependent measure revealed no significant effects of viewing 
condition on variability in subjects’ performance.
These findings show that the under-reaches produced by restricting the FOV under 
binocular viewing (Experiment 1) persisted when the stimuli were viewed 
monocularly. The possible explanation of the effect based on the reduction of 
binocular- cues necessary to scale horizontal disparities cannot account for this finding. 
This suggests that the degradation of information available from monocularly available 
pictorial cues such as linear perspective, texture cues or height in the visual field 
(Sedgwick, 1986) should therefore also be considered. Reducing the FOV not only 
reduces the amount of information available from these cues but may also disrupt how 
they interact in the specification of absolute distance (Epstein, 1966; Wallach and 
O’Leary, 1982; Sedgwick, 1986). Height in the visual field, for example, which has 
been shown to contribute to the maintenance of the transport component of 
monocularly guided prehensile movements (see Chapter 5) may be particularly 
vulnerable to FOV manipulations.
7.8. General discussion
The experiments reported here were designed to investigate how the size of the FOV 
affects the accuracy of object distance and size estimates used to control reaching and
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grasping movements. In Experiment 1 it was found that with a reduced FOV subjects 
consistently underestimated the distance of objects to which they reached, and this 
was accompanied by changes in the kinematics of the reaches. The magnitude of these 
‘under-reaches’ was found to increase linearly as the size of the FOV (on a log scale) 
was decreased. In Experiment 2 it was found that these under-reaches occurred under 
either binocular or monocular viewing conditions for objects placed at various 
distances from the subject. The magnitude of the under-reaeh was proportional to the 
object’s distance. Significantly, the grasp component of the reach was found to remain 
invariant with changes in field size.
In terms of the visual information available in peripheral visual fields, the progressive 
elimination of binocular cues might be expected to disrupt subjects’ reaching 
performance. We can eliminate this line of enquiry completely, however, as 
Experiment 2 showed that the under-reaches produced by reducing the FOV were 
equivalent under binocular and monocular viewing. This suggests that the degradation 
of information from monocularly available pictorial cues may be an important factor in 
the explanation of the effects of restricting the FOV. Consistent with this, the 
transport component of subjects’ reaches was similarly affected (i.e. slower peak 
wrist velocities) by presenting self-illuminated objects in unlit viewing conditions in 
Chapters 4 and 6 . However, these conditions also resulted in larger peak grip 
apertures, whereas in the present experiments final grip aperture was invariant with 
changes in the FOV. Also, it is important to note that restricting the FOV (assuming 
fixation on the target object) not only selectively reduces the extent of visual
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information but also affects how it is distributed across the retinal surfaces. Therefore 
possible explanations may need to focus both on putative anatomical differences 
between projections from central and peripheral vision (e.g. Trevarthen, 1968), as well 
as on the nature and content of information present in peripheral visual fields. The 
distinction between focal and ambient vision first made by Trevarthen (1968) fits well 
with the present data. His two-channel model of perception and behavioural control 
proposed an ambient system for space perception and the control of gross motor 
movements, and a focal system for the analysis of fine spatial detail. The fact that the 
latter is linked primarily with central vision, and may be selectively used in the 
specification of the grasp component (see also Paillard, 1971; 1991) is consistent with 
the finding that progressively restricting the FOV affects transport but not grasp.
The implications of the effects of reducing the FOV are manifold. As mentioned 
earlier, in studies of perception and action the FOV is often reduced as an inadvertent 
consequence of the experimental manipulation. Objects are often presented in 
occluded or textureless surrounds due to the use of shutter glasses, small apertures or 
head mounted displays (e.g. Jakobson and Goodale, 1991; Servos and Goodale, 1994; 
Jackson et a l, 1997; Bingham and Pagano, 1998) or as self-illuminated objects in a 
dark viewing environment (Marotta and Goodale, 1998). In the light of the present 
findings, changes in the effective FOV may affect performance in addition to any 
experimental manipulation and so must be taken into account when the results are 
interpreted. Significantly, Sivak and MacKenzie (1990) noted that reaches were 
disrupted throughout their 16 trial testing period, suggesting that their subjects did not
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adapt to the novel situation. Similarly, Dolezal (1982) reported that the effects that 
he observed persisted throughout many hours wearing goggles. This suggests that the 
extent of the FOV might also be important when considering patients with visual field 
loss, as well as having practical implications such as in the design and use of tele­
presence systems, where apparatus is typically controlled using visual information 
captured and displayed using small field cameras and CRT screens.
Instrument myopia (e.g. Hennessy, 1975) which refers to the change in 
accommodative state caused by the presence of an aperture close to the eye may also 
have affected performance in the present experiments. If the accommodative response 
of the subjects was influenced by the presence of the apertures then underestimates of 
object distance should result. This cannot account for the effect completely, however, 
as when subjects with reduced accommodative responses at near distance (i.e. 
presbyopia) were tested the effect persisted.
The reduction in the FOV may also increase the uncertainty of the subject in the 
selection of the appropriate motor response simply because the situation is ‘unusual’. 
It is characteristic of many tasks that increased uncertainty leads to a reduced gain, 
which could be manifested as under-reaches, and greater error. However, although 
responses were progressively more biased with increasing reductions in the FOV the 
distribution of responses (i.e. variable error) did not increase.
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In summary, the experiments reported here demonstrate that a reduced FOV disrupts 
the perception of object distance systematically which in turn produces considerable 
under-reaches for objects. In contrast, estimates of object size are unaffected by 
reducing the FOV. These findings provide clear evidence that for any study of 
reaching and grasping which manipulates the information available, either directly or as 
a consequence of controlling other independent variables, we must consider the extent 
of the FOV when interpreting its findings. In addition these data may prove 
important in the design of tele-presence or virtual reality systems and for the 
understanding and development of remediation programmes of patients with field loss.
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Chapter 8
Discussion
8.1. Overview
This thesis investigated a range of issues relating to two interdependent questions: (f) 
whether information for the control of action is transformed and represented in the 
same way as information used to form our perception of the world, and (zz) the 
importance of binocular cues relative to monocular pictorial cues in the control of 
prehensile movements. The principal findings relating to these questions are discussed 
below.
8.2. Task dependent representations for the control of prehension
Typically, previous attempts to investigate perception-action dissociations in 
neurologically normal subjects have compared the effects of visual illusions on 
perceptual and visuo-motor responses. Taken together, the results of these studies are 
equivocal due in part to a variety of methodological problems, and to the difficulties 
inherent in comparing responses from different domains (see Chapter 1). In Chapter 
3, an alternative approach to this question was used which examined the effects of a 
pre-response delay on the control of various different tasks. This was motivated by 
Milner and Goodale’s (1995) suggestion that visual processing for perception and 
action is segregated in distinct processing streams (ventral and dorsal, respectively). 
Based on computational considerations, they suggested that the perceptual system
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may represent information in a relatively stable and enduring form, whereas the action 
system may require rapidly updated information processed in real-time. This division 
reflects the fact that intrinsic object properties do not change abruptly over time, 
whereas information about the relative positions of the observer and objects in the 
environment (extrinsic properties) change from one moment in time to the next. The 
work in Chapter 3 first compared the effects of pre-response delay on manual 
pointing and perceptual matching responses on a distance reproduction task. A clear 
dissociation was observed between performance on the two types of task. Pointing 
performance was progressively disrupted with increasing delay, with subjects 
producing significant ‘under-reaches’ after 2 seconds. In contrast, perceptual matching 
performance remained consistent across the range of delays tested (up to 4 seconds). 
These findings clearly suggest that examining the effects of pre-response delay on 
behaviours is an effective paradigm with which to explore their control processes. 
Similar findings have been reported by Wong and Mack (1981) who found that the 
imposition of a pre-response delay in their illusory/real motion displays caused the 
direction of the saccadic movement to reverse from that found with an immediate 
response, to be consistent with the perceived direction. Similar results were also 
reported by Bridgeman, Kirch and Sperling (1981) in their pointing task. These 
results are consistent with Milner and Goodale’s (1995) proposed perception-action 
distinction, and suggest that the system for the control of action cannot retain 
information accurately for longer than 2 seconds (Elliott and Madalena, 1987).
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The second experiment in Chapter 3 examined the effect of pre-response delay on 
natural prehensile movements, which are very typical of how we interact with the 
environment. This built on the first experiment in that both extrinsic and intrinsic 
properties of the object had to be remembered. It was argued that this represents a 
critical test of the perception-action dissociation, because although the transport and 
grasp components of a prehensile movement are clearly both action-based ‘tasks’, the 
computation of intrinsic object properties for the control of the grasp may share 
characteristics with those thought to be computed by the perceptual system. As was 
found in the pointing task, pre-response delay produced significant under-reaches 
(indicated by lower peak wrist velocities). Moreover, a comparison of the effects on 
the transport and grasp on a common metric (i.e. sealed relative to the zero delay 
condition) suggested that the grasp component was affected by delay to a similar 
extent as the transport component. These findings support the general distinction 
between visual processing for perception and for the control of action, proposed by 
Milner and Goodale (1995).
The experiments reported in Chapter 3 differed from previous studies which have 
investigated perception-action differences in normal subjects in an important respect. 
Different response types were not compared directly, but the relative effects of 
another variable —  pre-response delay — on performance was determined. Therefore 
these findings obviate the problems inherent in designs which compare directly the 
magnitude of some experimental manipulation on the perception and action systems. 
Differences foimd when the different domains are compared directly may merely
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reflect the requirement for different responses (Smeets and Brenner, 1995; Vishton, 
Rea, Cutting and Nunez, 1999; Franz, Gegenfurtner, Btilthoff and Fahle, 2000; Mon- 
Williams and Bull, 2000). Therefore the novel results in Chapter 3 represent an 
important contribution to the study of perception-action differences.
By providing support for Milner and Goodale’s (1995) proposed distinction, the 
findings of Chapter 3 also have important implications for the study of depth 
perception in general. As discussed previously, an important feature of Milner and 
Goodale’s (1995) proposal is the suggestion that visual information is transformed in 
different ways in the two processing streams. This suggests that when studying the 
properties of the visual system it is important to consider the behavioural context in 
which particular properties might be required. For example, psychophysical studies 
have consistently reported that estimates of absolute egocentric distance from 
binocular cues are subject to inaccuracies and distortions (e.g. Gogel, 1961; Gogel, 
1977; Morrison and Whiteside, 1984; see also Brenner and van Damme, 1998). 
However, it has been pointed out that many important perceptual tasks (e.g. breaking 
camouflage, object recognition) do not require the recovery of absolute distance and so 
frill metric properties of the visual world may be recovered only rarely (Glennerster, 
Rogers and Bradshaw, 1996). In contrast, the planning of actions, like prehension, 
requires the recovery of metric structure including the absolute distance to objects. 
Viewed in this way, our ability to extract metric information from binocular cues may 
only be revealed by studying ‘appropriate’ dependent measures (Bingham and Pagano, 
1998).
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The conclusion that transport and grasp components were equally affected by 
temporal delay is consistent with the general perception-action distinction proposed 
by Milner and Goodale (1995). It further suggests that the grasp component requires 
rapid updating of information in the same manner as the transport component. This is 
supported by studies which have examined the effects of object orientation on the 
transport and grasp components of subjects reaches. In reaching to grasp an object 
subjects must not only move their hand to the appropriate location in space and scale 
their grasp appropriately, but must also rotate the hand/wrist in order to align the 
opposition space formed by the finger and thumb, with the object to be grasped 
(Stelmach, Castiello and Jeannerod, 1994; Desmurget, Prablanc, Rossetti, Arzi, 
Paulignan, Urquizar and Mignot, 1995). Several studies have reported that both the 
transport and grasp components are influenced by an object’s orientation (Gentilucci, 
Daprati, Gangitano, Saetti and Toni, 1996b; Mamassian, 1997). Clearly, the required 
hand orientation may change with ego-motion and therefore, according to the logic set 
out in Chapter 1, the grasp may also require rapidly updated information, and may not 
therefore be interested in the retention of information over time.
It is important to note that the experiments reported in Chapter 3 examined only a 
very limited range of the tasks that might be performed by the perception and action 
‘systems’ and only under a certain set of experimental conditions. One feature of both 
experiments was that the targets were presented in the absence of a visual surround. 
This may oblige the visual system to adopt an egocentric representation of the
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reaching parameters. In normal conditions where objects are viewed in the presence of 
a structured visual environment, allocentric coding of target location relative to 
landmarks in the environment is also possible (Blouin, Bard, Teasdale, Paillard, 
Fleury, Forget and Lamarre, 1993). Allocentric/egocentric is a further division 
suggested by Milner and Goodale (1995) in their description of the perception and 
action systems. Under these circumstances, reaching may not depend exclusively on 
an estimate of egocentric distance from the ‘action system’. Indeed, there is some 
evidence to suggest that the putative action system may not be sufficient to support 
some types of actions which require allocentric coding. For example, Dijkerman, 
Milner and Carey (1998) examined the performance of the visual form agnosic patient 
D.F., thought to have an impaired ventral processing stream, on a grasping task 
designed to require allocentric coding of object features. She reached for circular discs 
which had three holes cut in them (for her thumb, index finger and middle finger) in 
various different arrangements. She was instructed to grasp the discs by inserting her 
fingers into the holes. The authors argued that in this task the critical dimensions for 
the control of grasping were the relative locations of the holes and therefore that 
allocentric coding was required for the control of the grasp. D.F. showed considerable 
difficulty in correctly grasping the objects and, unlike normal control subjects, she was 
unable to scale the distances between her fingers with the distances between the holes. 
Dijkerman et al. (1998) concluded therefore that allocentric processing of spatial 
information takes place in the ventral stream —  even for the control of motor 
behaviour. This suggests that many action-based tasks in the real world may depend 
on information processed in both the dorsal and ventral processing streams. However,
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in the unlit conditions in Chapter 6  there was no strong evidence that the addition of 
other objects in the scene (which should facilitate the formation of an allocentric 
representation) affected the control of prehension. One notable exception was that 
peak velocity increased which may reflect more precise representations of object 
distance.
Summary
The findings of the experiments reported in Chapter 3 make an important contribution 
to the study of the perception-action distinction in normal subjects. It was 
demonstrated that reproducing egocentric distance using perceptual matching and 
manual pointing could be dissociated in terms of their temporal constraints. 
Furthermore, pre-response delay did not dissociate between the transport and grasp 
components of a prehensile movement, even though intrinsic information required for 
the grasp component shares many properties with those thought to be computed in 
the perceptual system. These findings are consistent with the general distinction 
between visual processing for action and perception as proposed by Milner and 
Goodale (1995).
Taken together, these findings suggest that future research into possible perception- 
action differences might benefit from emphasising the requirements of particular tasks. 
In particular, developing the approach adopted in Chapter 3, of examining the 
operating constraints of action-based tasks which have different requirements (e.g. the 
grasping task used by Dijkerman et al., 1998) may reveal important insights into the
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extent to which the proposed action system can be considered unitary and whether the 
general perception-action distinction is a useful way to view the intact visual system.
8.3. The visual information used to control prehension
The contribution o f binocular information to the control o f prehension 
In Chapters 4, 5 and 6 , a series of studies are described which investigated the type of 
visual information in the control of prehension. Physiological and neuropsychological 
data suggest that prehension might depend primarily on binocular information (see 
Chapter 1) and therefore a major goal of the experiments reported in this thesis was to 
critically assess the role of binocular cues. It was argued in Chapter 1 that previous 
behavioural studies which have investigated this issue suffered from important 
shortcomings which meant that the role of binocular information could not be 
determined unambiguously. The small numbers of arbitrarily chosen object sizes and 
distances meant that subjects’ performance might be based on learned size/distance 
associations rather than recovering object size and distance on a trial by trial basis. 
The study in Chapter 4 used a combination of object sizes and distances to prevent 
any such learning strategy and employed two experimental approaches. The first was 
based on the traditional psychophysical paradigm, in which the carefully chosen 
stimuli (matched for retinal extent and binocular disparity) were viewed binocularly or 
monocularly as self-illuminated objects in a reduced-cue environment. The second 
allowed the influence of binocular disparity to be assessed by subtracting it (i.e. 
monocular viewing) from a rich visual scene.
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In general, prehensile movements were found to be less dependent on binocular 
information than has previously been thought. The transport component of subjects’ 
reaches was largely unaffected by the loss of binocular information, even in the unlit 
conditions, which were designed to highlight the role of binocular information by 
removing monocular scene-based information. One exception was that there was a 
small increase in time spent in the final approach to the object under monocular 
viewing. However, peak wrist velocities, which are known to scale reliably with 
object distance, were not affected significantly by the removal of binocular information 
in either illumination condition. In contrast, the grasp component was affected by the 
removal of binocular information both in the lit and in the unlit conditions. Peak grip 
apertures were larger with monocular viewing than with binocular viewing. However, 
the consequence of monocular viewing was not catastrophic. Even in the unlit 
conditions the transport parameters still increased with increasing object distance and 
peak grip aperture increased with increasing object size. This clearly indicates that 
information available monocularly can be used to control reliable prehensile 
movements. This is discussed in more detail below.
It was argued in Chapter 1 that the findings of studies in which subjects reached to 
single objects presented in isolation may not be generalisable to everyday scenes. In 
particular, the findings of a study by Jackson, Jones, Newport and Pritchard (1997) 
suggested that prehension might be more dependent on binocular information in the 
presence of additional flanking objects. However, the experiment reported in Chapter 
6 found that the effects of removing binocular information did not change when one or
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more additional flanking objects was present. Rather, performance remained the same 
as that observed in Chapter 4. When the results from both Chapters are considered 
together it can be concluded that prehensile movements are not more dependent on 
binocular information even when reaches take place in multiple-object scenes.
A critical assumption underpinning the interpretation of the data from Chapters 4 and 
6 is that in removing the majority of monocular visual cues (i.e. the unlit viewing 
conditions) the potential contribution of binocular information in the control of 
prehension would be highlighted. It is important to note, however, that reaches to 
self-illuminated objects in an otherwise dark surround may not have produced 
significant effects when binocular vision was eliminated due to the reduced field of 
view (FOV). Under these conditions the influence of binocular cues may already have 
been diminished. In order to use binocular disparity to recover metric properties of 
the visual scene, including absolute depth, horizontal disparities have to be calibrated 
using an estimate of the distance to some point in the scene (Foley, 1980; Rogers and 
Bradshaw, 1993). The use of vertical disparities is of particular interest in this context 
as their influence has been shown to vary as a function of FOV (Rogers and Bradshaw, 
1995; Bradshaw, Glennerster and Rogers, 1996). Consequently this might account for 
the relatively minor effects evident when binocular information was removed in the 
unlit conditions. This explanation can be ruled out however, because the results in 
Chapter 7 showed that the consequences of restricting the FOV were not due to 
changes in the information available binocularly. Of course angle of convergence, 
which is also an important cue for distance and for calibrating binocular disparity,
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remained available irrespective of the field of view (Foley, 1980; Bradshaw et al. 
1996).
Although the effects of removing binocular information were relatively minor 
compared to those expected on the basis of previous studies (notably Servos, Goodale 
and Jakobson, 1992), certain differences between reaches executed with binocular and 
monocular viewing were observed. Of particular interest is the dissociable effect on 
the transport and grasp component. That is, although the major indices of the 
transport component (including onset time and peak wrist velocity) were unaffected 
by the removal of binocular cues, the grasp component was significantly affected 
(Chapters 4 and 6). Subjects consistently produced larger grip apertures both in the lit 
and unlit conditions. It remains unclear whether this reflects the loss of accurate 
information about intrinsic object properties, or represents a switch to a more 
conservative strategy. However, as discussed in Chapter 4, a similar- dissociation has 
been observed in the visual fonn agnosic patients D.F. and J.W. (Marotta, Behrmann 
and Goodale, 1997). Under binocular viewing both patients were able to scale both 
the transport and grasp components of their movements with the properties of the 
object to be grasped. However, removing binocular information severely disrupted the 
grasp component while transport kinematics remained normal.
Taken together the findings of Chapters 4 and 6 suggest a clear dissociation between 
the role of binocular information in the control of the transport and grasp components 
(see also Marotta et al., 1997). Binocular information might be selectively involved in
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the specification of intrinsic properties and in the control of the grasp. Theoretically 
this is an important finding which is consistent with the proposal that the transport 
and grasp are parameterised independently (Jeannerod, 1981, 1984; but see Smeets 
and Brenner, 1999). As discussed in Chapter 1 the transport and the grasp depend 
primarily on different properties of the object to be grasped. Extrinsic properties (e.g. 
location) determine the transport component whereas intrinsic properties (e.g. size) 
determine the grasp. The present results provide evidence that estimates of size and 
distance may be based on different visual cues (or the same visual cue may be used 
differently for transport and grasp). This is consistent with the suggestion that the 
visual cues used (or the ‘weighting’ given to information from them) might change 
depending on the nature of the judgement to be made (Landy, Maloney, Johnston and 
Young, 1995). It has been suggested previously that different aspects of the visual 
environment may be processed separately (Marr, 1982; Bruno and Cutting, 1988) and 
properties such as an object’s perceived size, shape and distance need not necessarily 
be consistent with one another (Brenner and van Damme, 1999). In agreement with 
this, both imposing a pre-response delay (Chapter 3) and restricting the FOV 
(Chapter 7) were found to cause dissociable effects on transport and grasp. Although 
distance to the target object was consistently underestimated there was no consequent 
reduction in grip aperture which should be evident if the transport and grasp 
components were based on common spatial information (i.e. size-distance scaling).
A further important effect of removing binocular information which emerged in both 
Chapter 4 and Chapter 6 was that subjects consistently spent more time in the final
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slow phase of the movements, following peak wrist deceleration, during monocularly 
guided reaches. This effect was found in both the lit and unlit viewing conditions. 
There are two likely explanations: (i) that it results from a disruption in the subjects’ 
ability to use on-line control to fine-tune their movements, or (if) that movement times 
are extended due to the need to correct for inaccuracies in the initial planning of the 
movement. Errors in the initial planning of the transport component can probably be 
ruled out however, for two reasons. First, there was no evidence of ‘on-line 
corrections’ in subjects wrist velocity or grasp profiles (see Chapter 2). Second, peak 
wrist velocities, which correlate highly with object distance and occur too early in a 
movement to reflect on-line control (see Jeannerod, 1988) were unaffected by the 
removal of binocular information.
These findings suggest, therefore, that binocular cues might be important for the on­
line control of the transport component. This interpretation is supported by the 
findings of Servos and Goodale (1994) who investigated the effects of removing 
binocular information at movement onset, following either a monocular or binocular 
initial view. They too found that subjects spent more time decelerating when they 
only had monocular feedback, irrespective of the initial view. In addition they showed 
subjects’ peak wrist velocities were unaffected by the type of visual feedback 
available (see also Jackson et al., 1997, Experiment 3). It seems likely therefore that 
binocular information is not necessary in the specification of absolute object distance 
for the control of the transport component. This is an important finding, as it has 
been suggested previously that one role for binocular information is to specify metric
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properties of the visual scene including absolute distance (e.g. Servos et al., 1992; 
Mon-Williams and Dijkerman, 1999). Of course, as discussed in Chapter 1, binocular 
information might contribute to the on-line control of reaches without requiring the 
recovery of absolute distance. Horizontal disparities can provide veiy precise 
information about the relative position of the hand and target object (Glennerster, 
Bradshaw and Rogers, 1996) which could be used to guide the hand using a simple 
‘disparity nulling’ strategy (Morgan, 1989; Glennerster et al., 1998; Mon-Williams 
and Dijkerman. 1999). An important topic for future research might be to examine 
whether such strategies are employed in the control of normal reaches.
A lack of information for effective on-line control of reaches may also offer an 
explanation for the increase in grip apertures observed with monocular viewing in 
Chapters 4 and 6 . Although Seivos and Goodale (1994) reported that grip apertures 
were unaffected by the type of feedback available, a similar study by Jackson et al. 
(1997) found that the lack of binocular feedback resulted in larger grip apertures. 
Therefore the role of binocular information in the control of the grasp in Chapters 4 
and 6 is not entirely clear. Increased grip apertures under monocular viewing might 
result from a disruption to initial planning, reduced opportunity for on-line control or 
from both. The experiments reported in this thesis did not examine directly the 
relative contribution of these two modes of control, and so it remains to be determined 
which explanation best accounts for the data reported here.
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The contribution o f  monocularly available information to the control ofprehension 
The conclusion that prehension is less dependent on binocular information than 
previously thought, reintroduces the idea that monocular information is also 
important. In particular, the finding that binocular* cues are not necessary for the 
specification of absolute distance for the control of the transport component, even 
under unlit viewing conditions, indicates that monocularly available cues may be able 
to provide metric information about stimulus properties.
This suggests that a more sensible approach for the investigation of the visual control 
of prehensile movements may be to consider the type of information best suited for 
the control of its components, rather than its putative dependence on individual visual 
cues. Any cue (or combination of cues) that can specify absolute distance or size 
might be used to control the transport and grasp. One such example is height in the 
visual field (HIF), which can, in principle, provide absolute distance information. 
Chapter 5 examined the contribution of information from HIF by examining 
binocularly and monocularly guided reaches when information from HIF was removed. 
This was achieved by presenting the objects along the line of sight (in unlit viewing 
conditions). In the absence of information from HIF, the parameters of binocularly 
guided reaches continued to scale with object properties in the normal manner. 
However, for monocularly guided reaches the parameters of the transport component 
no longer scaled significantly with object distance and peak grip apertures did not 
increase significantly with increasing object size. When compared to the reaches 
(which did scale appropriately) in the unlit monocular conditions from Chapter 4,
205
where information about distance from HIF was available, it is concluded that HIF can 
be used to control reliable prehensile movements.
This is an important finding, as although information from HIF has been shown to 
reduce the number of on-line corrections made under impoverished viewing conditions 
(Marotta and Goodale, 1998) it has not been shown to be sufficient in providing 
metric information for the control of prehension. Similarly, the results in Chapter 5 
suggest that binocular information is also sufficient for the control of the transport 
component of the reach although the results in Chapter 4 show that it is not 
necessary.
Differences between the lit and unlit conditions in Chapters 4 and 6 also indicate the 
importance of monocularly available information in the control of optimal prehensile 
movements. Both in Chapter 4, and in reaches to single objects in Chapter 6 , the 
removal of the majority of monocular pictorial cues (by presenting self-illuminated 
objects in the dark) resulted in lower peak wrist velocities, increased time in the slow 
phase and larger peak grip apertures. Therefore monocular cues appear important in 
the control of transport and grasp. Caution must be exercised in interpreting this 
finding, however, as although luminous markers were attached to the wrist, finger and 
thumb, this condition drastically reduced feedback about the moving limb.
Other findings reported in this thesis support the idea that monocularly available 
information is important in the control of reaching. The results of the first experiment
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reported in Chapter 7 suggest that restricting the extent of the available FOV affected 
the distance reached but left the grip aperture unchanged. Although the underlying 
causes of the effect of FOV remain to be determined, the findings of the second 
experiment in Chapter 7 (binocular and monocular viewing) show that the effects of 
restricting the FOV were not a binocular phenomenon. Similarly, when a visual 
context was provided by the presence of four flanking objects in Chapter 6 , the peak 
velocity of subjects reaches was unaffected by the removal of scene-based information 
(although grip apertures still varied). This effect did not interact with the availability 
of binocular information. As mentioned above, the presence of additional flanking 
objects might also enable allocentric coding of the target location, which was not 
possible in the absence of surrounding objects (Blouin et a l, 1993).
The studies described here suggest strongly that monocularly available information can 
also specify the information (i.e. extrinsic and intrinsic properties) necessary for the 
control of reaches. In particular, Chapter 5 demonstrated that information from HIF 
was useful in recovering metric properties of the visual scene. Also, the effects of 
restricting the FOV and of the presence of multiple objects, are consistent with this 
view. The fact that monocular pictorial cues are present in many everyday visual 
scenes, as well as most laboratory situations, suggests that a useful challenge for future 
research may be to examine systematically the conditions under which these cues (e.g. 
ground plane texture, linear perspective etc.) contribute to the control of prehensile 
movements.
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This thesis examined both the type of information used to control prehension, and the 
way in which that information might be transformed and represented. The results in 
the first empirical chapter support the perception-action distinction proposed by 
Milner and Goodale (1995). The subsequent empirical chapters examined the role of 
certain types of visual information in the control of prehension. The starting point 
was to critically assess the role of binocular cues as they have typically been 
considered paramount in the planning and execution of prehensile movements. 
However, the results in this thesis suggest that although binocular- cues may be 
selectively involved in the control of the grasp, they are not critical for the control of 
the transport component. Monocular cues, such as height in the visual field, were also 
found to provide sufficient information to control reliable reaches. Although it is 
hoped that the work presented in this thesis offers valuable insights, much work is 
still required to understand fully the role of visual information in the control of 
reaching and grasping movements.
8.4. Conclusion
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Appendices
Appendix A
ANOVA summary tables for Chapter 3: Experiment 1
Amplitude constant error: open-loop pointing
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm )
Effect 3 =  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms eiror F p-level
1 3 6909.8 29 5728.218 1.2063 .324987
2 1 115039.3 29 1055.995 108.9393 .000000
3 2 4423.7 58 233.404 18.9529 .000000
12 3 3478.8 29 1055.995 3.2943 .035112
13 6 596.5 58 233.404 2.5558 .028962
23 2 1058.1 58 212.436 4.9806 .010089
123 6 301.8 58 212.436 1.4206 .222389
Amplitude constant error: closed-loop pointing
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm)
Effect 3 =  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms error F p-level
1 3 6207.06 29 4876.954 121213 .302158
2 1 55303.15 29 1160.524 47.65358 .000000
3 2 2540.90 58 350.243 7.25467 .001542
12 3 2173.46 29 1160.524 1.87283 .156267
13 6 199.90 58 350.243 .57074 .751926
23 2 896.92 58 159.411 5.62649 .005844
123 6 57.11 58 159.411 .35827 .902171
Amplitude constant error: perceptual matching
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 = target distance (24 or 48 cm)
Effect 3 = target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms error F p-level
1 3 3499.077 22 2352.847 1.487168 .245566
2 1 3242.862 22 650.031 4.988782 .036001
3 2 164.995 44 319.951 .515688 .600653
12 3 933.600 22 650.031 1.436239 .259172
13 6 252.760 44 319.951 .789996 .582621
23 2 57.844 44 154.466 .374477 .689820
123 6 248.249 44 154.466 1.607146 .167866
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Amplitude variable error: open-loop pointing
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm)
Effect 3 =  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms enor F p-level
1 3 107.2843 29 113.7743 .94296 .432670
2 1 967.9088 29 42.4775 22.78640 .000048
3 2 65.7320 58 74.2130 .88572 .417920
12 3 94.9626 29 42.4775 2.23560 .105267
13 6 52.4597 58 74.2130 .70688 .645295
23 2 16.5009 58 52.8214 .31239 .732919
123 6 25.6999 58 52.8214 .48654 .815732
Amplitude variable error: closed-loop pointing
Effect 1 = delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm )
Effect 3 =  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms error + p-level
1 3 212.882 29 94.53868 2.25179 .102777
2 1 2221.766 29 59.39030 37.40958 .000001
3 2 22.597 58 77.64326 .29104 .748570
12 3 47.575 29 59.39030 .80105 .503437
13 6 112.653 58 77.64326 1.45090 .211285
23 2 141.282 58 55.50764 2.54528 .087186
123 6 26.456 58 55.50764 .47662 .822981
Amplitude variable error: perceptual matching
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 = target distance (24 or 48 cm )
Effect 3 =  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms error F p-level
1 3 243.0724 22 94.51601 2.571759 .085879
2 1 754.8119 22 91.51730 8.247751 .008858
3 2 188.9036 44 69.55141 2.716028 .077227
12 3 48.1187 22 91.51730 .525788 .669141
13 6 82.8203 44 69.55141 1.190777 .328929
23 2 38.5526 44 94.87945 .406332 .668563
123 6 42.1517 44 94.87945 .444266 .845055
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Direction constant error: open-loop pointing
Effect 1 = delay (0, 1, 2, or 4 sec)
Effect 2 = target distance (24 or 48 cm )
Effect 3 ~  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect eiTor ms error F p-level
1 3 127.3687 29 66.86526 1.904856 .150884
2 1 6.7426 29 7.92636 .850659 .363976
3 2 21.7673 58 14.20797 1.532049 .224709
12 3 9.5934 29 7.92636 1.210317 .323552
13 6 15.4359 58 14.20797 1.086427 .381331
23 2 16.0220 58 5.15993 3.105073 .052349
123 6 5.1525 58 5.15993 .998562 .435109
Direction constant error: closed-loop pointing
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm )
Effect 3 = target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect eixor ms error F p-level
1 3 8.98880 29 29.35024 .306260 .820633
2 1 .01550 29 4.77612 .003245 .954965
3 2 9.75893 58 21.15981 .461201 .632818
12 3 7.23895 29 4.77612 1.515656 .231342
13 6 21.56155 58 21.15981 1.018986 .422160
23 2 14.71317 58 4.75964 3.091234 .053007
123 6 1.69993 58 4.75964 .357155 .902838
Direction constant error: perceptual matching
Effect 1 = delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm )
Effect 3 -  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect eiror ms error F p-level
1 3 14.00261 22 11.49918 1.217705 .326764
2 1 2.49116 22 2.46085 1.012314 .325288
3 2 41.11736 44 11.46780 3.585462 .036095
12 3 4.82664 22 2.46085 1.961368 .149277
13 6 12.95032 44 11.46780 1.129277 .361349
23 2 .66102 44 3.71627 .177871 .837649
123 6 .61282 44 3.71627 .164902 .984757
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Direction variable error: open-loop pointing
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm )
Effect 3 =  target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms error F p-level
1 3 3.12558 29 2.686473 1.16345 .340572
2 1 43.11071 29 1.889551 22.81532 .000047
3 2 2.30803 58 1.084643 2.12791 .128290
12 3 .11451 29 1.889551 .06060 .980081
13 6 1.52170 58 1.084643 1.40295 .229077
23 2 .14811 58 1.278290 .11587 .890800
123 6 .89093 58 1.278290 .69697 .653029
Direction variable error: closed-loop pointing
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm)
Effect 3 = target direction (-40, 0 or +40 degrees)
d f ms d f
Effect effect effect error ms error F p-level
1 3 5.26413 29 2.867631 1.83570 .162753
2 1 34.10846 29 1.285953 26.52388 .000017
3 2 .43404 58 .852813 .50895 .603784
12 3 1.04750 29 1.285953 .81457 .496282
13 6 .93516 58 .852813 1.09656 .375457
23 2 3.64083 58 .976768 3.72742 .029999
123 6 .57278 58 .976768 .58641 .739742
Direction variable error: perceptual matching
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 =  target distance (24 or 48 cm)
Effect 3 =  target direction (-40, 0 or +40 degrees)
d f ms df
Effect effect effect error ms error F p-level
1 3 6.32999 22 2.552657 2.47976 .087798
2 1 33.04580 22 1.057503 31.24889 .000013
3 2 .88461 44 1.503405 .58840 .559523
12 3 .85780 22 1.057503 .81116 .501296
13 6 1.00135 44 1.503405 .66606 .677321
23 2 4.49251 44 1.973996 2.27584 .114674
123 6 1.98141 44 1.973996 1.00375 .435101
224
Appendix B
ANOVA summary tables for Chapter 3: Experiment 2
Peak wrist velocity
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 = object distance (25 or 40 cm) 
Effect 3 =  object size (2.0, 3.5 or 5.0 cm)
df ms df
Effect effect effect eiror ms error F p-level
1 3 72983. 45 16738.47 4.3602 .0088610
2 1 6626308. 15 20630.89 321.1839 .0000000
3 2 39057. 30 2721.03 14.3539 .0000423
12 3 4465. 45 2359.05 1.8927 .1443931
13 6 2342. 90 1240.20 1.8882 .0913999
23 2 2441. 30 2402.32 1.0163 .3740588
123 6 1289. 90 1107.33 1.1645 .3324288
Peak grip aperture
Effect 1 = delay (0, 1, 2, or 4 sec)
Effect 2 = object distance (25 or 40 cm) 
Effect 3 = object size (2.0, 3.5 or 5.0 cm)
df ms df
Effect effect effect eiror ms error F p-level
1 3 50.737 45 93.37807 .54335 .6551357
2 1 1.434 15 54.98255 .02609 .8738368
3 2 5172.926 30 54.00808 95.78058 .0000000
12 3 18.380 45 16.58449 1.10825 .3556882
13 6 14.808 90 13.07269 1.13276 .3498937
23 2 15.656 30 12.73058 1.22981 .3066670
123 6 12.559 90 13.93921 .90096 .4979373
Distance reached in the pointing task
Effect 1 =  delay (0, 1, 2, or 4 sec)
Effect 2 = object distance (25 or 40 cm) 
Effect 3 =  object size (2.0, 3.5 or 5.0 cm)
df ms df
Effect effect effect error ms error F p-level
1 3 1608.5 45 882.2587 1.823 .1565077
2 1 598117.2 15 579.3903 1032.322 .0000000
12 3 290.8 45 200.7309 1.449 .2412375
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Appendix C
ANOVA summary tables for Chapter 4
Movement onset time
Effect 1 =  lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 = 
object distance (30, 40.7 or 55 cm); Effect 4 = object width (6, 7.5 or 9.7 cm); 
Effect 5 = object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
eiror ms error F p-level
1 1 1259589. 9 74885.88 16.82011 .002672
2 1 6765. 9 4811.42 1.40603 .266077
3 2 140189. 18 2839.44 49.37201 .000000
4 2 9049. 18 1649.32 5.48665 .013787
5 2 1753. 18 2572.98 .68135 .518512
12 1 19806. 9 5088.52 3.89232 .079969
13 2 20135. 18 2106.82 9.55683 .001485
23 2 2232, 18 704.38 3.16933 .066189
14 2 2033. 18 1451.06 1.40128 .271894
24 2 465. 18 1544.33 .30129 .743524
34 4 2829. 36 1363.95 2.07432 .104543
15 2 861. 18 2159.05 .39865 .677008
25 2 524. 18 1173.06 .44642 .646812
35 4 1774. 36 1708.83 1.03814 .401057
45 4 1584. 36 1692.96 .93581 .454274
123 2 5889. 18 1958.11 3.00759 .074659
124 2 617. 18 1676.78 .36791 .697267
134 4 257. 36 1958.07 .13111 .970017
234 4 1426. 36 1621.39 .87919 .486041
125 2 186. 18 810.90 .22981 .796982
135 4 2218. 36 1597.35 1.38875 .257334
235 4 1156. 36 1858.13 .62209 .649713
145 4 263. 36 1777.29 .14809 .962662
245 4 3901. 36 1124.94 3.46743 .017021
345 8 2076. 72 2034.90 1.01999 .429049
1234 4 2943. 36 1963.29 1.49920 .222973
1235 4 862. 36 1814.73 .47526 .753577
1245 4 1960. 36 999.36 1.96099 .121455
1345 8 1395. 72 1800.17 .77470 .626128
2345 8 1456. 72 1341.44 1.08528 .383310
12345 8 2608. 72 1584.04 1.64615 .126935
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Movement duration
Effect 1 = lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 = 
object distance (30, 40.7 or 55 cm); Effect 4 = object width (6, 7.5 or 9.7 cm); 
Effect 5 = object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
error ms eiror F p-level
1 1 4413190. 9 75934.41 58.1184 .000032
2 1 833889. 9 22249.79 37.4785 .000175
3 2 6078050. 18 19302.30 314.8873 .000000
4 2 36464. 18 3351.13 10.8810 .000798
5 2 325299. 18 7269.35 44.7494 .000000
12 1 68418. 9 37999.47 1.8005 .212523
13 2 100435. 18 7638.93 13.1478 .000302
23 2 25401. 18 5181.95 4.9019 .019977
14 2 1750. 18 4390.30 .3985 .677084
24 2 10732. 18 2685.23 3.9965 .036622
34 4 19148. 36 3162.17 6.0553 .000783
15 2 54782. 18 6830.98 8.0197 .003233
25 2 47856. 18 2623.38 18.2421 .000047
35 4 56300. 36 7216.28 7.8019 .000123
45 4 27287. 36 4357.28 6.2624 .000623
123 2 18805. 18 6353.39 2.9598 .077384
124 2 15734. 18 3473.10 4.5301 .025496
134 4 13919. 36 3127.00 4.4513 .005024
234 4 5535. 36 2871.41 1.9275 .126960
125 2 6968. 18 2435.90 2.8605 .083419
135 4 13855. 36 6499.25 2.1318 .096891
235 4 5058. 36 3708.79 1.3637 .265779
145 4 1919. 36 4957.24 .3872 .816378
245 4 7650. 36 3135.63 2.4398 .064499
345 8 10459. 72 3524.03 2.9679 .006284
1234 4 7263. 36 4467.48 1.6256 .188996
1235 4 1590. 36 4638.17 .3427 .847276
1245 4 9189. 36 5511.16 1.6673 .178944
1345 8 1912. 72 3643.96 .5248 .834103
2345 8 1581. 72 4530.83 .3489 .943348
12345 8 983. 72 3255.21 .3020 .962946
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Peak wrist velocity
Effect 1 = lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 = 
object distance (30, 40.7 or 55 cm); Effect 4 = object width (6, 7.5 or 9.7 cm); 
Effect 5 =  object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
eiror ms eiror F p-level
1 1 1651600. 9 119268.8 13.8477 .004761
2 1 43640. 9 18234.2 2.3933 .156261
3 2 17175318 18 30342.7 566.0438 .000000
4 2 29315. 18 2447.4 11.9780 .000492
5 2 118853. 18 2553.9 46.5385 .000000
12 1 932. 9 19246.6 .0484 .830751
13 2 57415. 18 11860.4 4.8409 .020782
23 2 1910. 18 5949.7 .3210 .729526
14 2 2204. 18 863.2 2.5531 .105656
24 2 5459. 18 1832.2 2.9797 .076240
34 4 339. 36 1668.1 .2029 .935105
15 2 331. 18 945.9 .3498 .709521
25 2 6019. 18 1347.0 4.4683 .026569
35 4 11389. 36 2196.6 5.1847 .002105
45 4 1436. 36 1077.4 1.3331 .276475
123 2 321. 18 5144.4 .0624 .939664
124 2 2043. 18 1527.7 1.3374 .287395
134 4 2860. 36 2125.5 1.3458 .271995
234 4 370. 36 1404.0 .2639 .899200
125 2 5724. 18 882.3 6.4877 .007556
135 4 220. 36 1123.6 .1961 .938823
235 4 448. 36 2385.6 .1879 .943165
145 4 1049. 36 1441.9 .7278 .578849
245 4 4428. 36 1812.7 2.4425 .064272
345 8 933. 72 1716.5 .5436 .819755
1234 4 515. 36 1336.5 .3850 .817870
1235 4 1246. 36 1437.6 .8668 .493191
1245 4 1440. 36 2053.4 .7015 .596053
1345 8 1094. 72 922.9 1.1854 .319868
2345 8 319. 72 1385.8 .2303 .984098
12345 8 1137. 72 1738.2 .6541 .729658
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Time to peak wrist velocity
Effect 1 = lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 =  
object distance (30, 40.7 or 55 cm); Effect 4 = object width (6, 7.5 or 9.7 cm); 
Effect 5 = object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
error ms error F p-level
1 1 .018286 9 .028138 .64989 .440933
2 1 .119070 9 .008687 13.70698 .004903
3 2 .554186 18 .011604 47.75621 .000000
4 2 .006236 18 .001245 5.00996 .018632
5 2 .239983 18 .002794 85.90018 .000000
12 1 .000469 9 .004057 .11570 .741553
13 2 .031523 18 .002141 14.72087 .000163
23 2 .000221 18 .001317 .16777 .846852
14 2 .000741 18 .000765 .96904 .398386
24 2 .002130 18 .001273 1.67240 .215687
34 4 .006327 36 .001798 3.51985 .015926
15 2 .022486 18 .001644 13.67741 .000244
25 2 .015191 18 .001149 13.21583 .000294
35 4 .049316 36 .002559 19.27469 .000000
45 4 .005367 36 .001328 4.04153 .008290
123 2 .001248 18 .002533 .49275 .618948
124 2 .002842 18 .001813 1.56771 .235697
134 4 .001313 36 .000749 1.75204 .160052
234 4 .001643 36 .001280 1.28369 .294545
125 2 .000955 18 .002663 .35877 .703421
135 4 .000394 36 .001914 .20557 .933661
235 4 .003324 36 .002119 1.56908 .203531
145 4 .001436 36 .001108 1.29625 .289848
245 4 .001485 36 .001568 .94720 .448087
345 8 .001860 72 .001632 1.13936 .348022
1234 4 .000116 36 .001204 .09638 .982968
1235 4 .001058 36 .001635 .64680 .632762
1245 4 .001114 36 .001730 .64355 .634981
1345 8 .001041 72 .001313 .79295 .610516
2345 8 .000975 72 .001239 .78693 .615657
12345 8 .001487 72 .001066 1.39464 .213593
2 2 9
Peak deceleration
Effect 1 = lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 = 
object distance (30, 40.7 or 55 cm); Effect 4 =  object width (6, 7.5 or 9.7 cm); 
Effect 5 =  object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
eiror ms error F p-level
1 1 800683E2 9 3802176. 21.05856 .001311
2 1 1470726. 9 415264. 3.54167 .094722
3 2 956368E2 18 1116212. 85.67986 .000000
4 2 356527. 18 113251. 3.14811 .067237
5 2 1051715. 18 91041. 11.55207 .000592
12 1 867516. 9 483728. 1.79340 .213349
13 2 2082904. 18 408326. 5.10108 .017576
23 2 158514. 18 148244. 1.06927 .364082
14 2 59813. 18 37880. 1.57903 .233437
24 2 135964. 18 53399. 2.54622 .106225
34 4 20183. 36 48048. .42005 .793080
15 2 24405. 18 44597. .54723 .587874
25 2 175183. 18 71278. 2.45773 .113840
35 4 676983. 36 94785. 7.14230 .000243
45 4 66941. 36 39352. 1.70107 .171163
123 2 222767. 18 123262. 1.80727 .192637
124 2 60080. 18 33967. 1.76878 .198923
134 4 140653. 36 86735. 1.62165 .189988
234 4 22946. 36 50241. .45672 .766865
125 2 307551. 18 44400. 6.92686 .005875
135 4 33757. 36 54031. .62476 .647869
235 4 17899. 36 70398. .25425 .905165
145 4 30953. 36 44704. .69241 .602074
245 4 122275. 36 77019. 1.58759 .198660
345 8 67982. 72 72025. .94388 .486446
1234 4 36884. 36 52386. .70409 .594349
1235 4 26685. 36 37964. .70290 .595127
1245 4 39195. 36 77817. .50368 .733212
1345 8 53507. 72 43044. 1.24307 .287107
2345 8 24378. 72 58751. .41493 .908419
12345 8 42092. 72 60815. .69213 .697178
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Time in the slow phase
Effect 1 = lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 = 
object distance (30, 40.7 or 55 cm); Effect 4 = object width (6, 7.5 or 9.7 cm); j 
Effect 5 = object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
error ms error F p-level
1 1 .512736 9 .027429 18.69310 .001923
2 1 .348481 9 .011629 29.96687 .000393
3 2 1.345521 18 .019444 69.20115 .000000
4 2 .021606 18 .002960 7.29916 .004772
5 2 .422755 18 .006262 67.51543 .000000
12 1 .001668 9 .011455 .14557 .711657
13 2 .017268 18 .003930 4.39431 .027919
23 2 .000948 18 .003972 .23870 .790104
14 2 .002885 18 .002156 1.33831 .287168
24 2 .003414 18 .001803 1.89360 .179325
34 4 .008765 36 .001876 4.67202 .003853
15 2 .034310 18 .002068 16.58732 .000082
25 2 .035123 18 .001518 23.13327 .000011
35 4 .082162 36 .004574 17.96311 .000000
45 4 .009018 36 .001601 5.63262 .001258
123 2 .004482 18 .002657 1.68688 .213071
124 2 .002827 18 .002500 1.13092 .344621
134 4 .005752 36 .001497 3.84335 .010603
234 4 .002635 36 .001827 1.44216 .240138
125 2 .001712 18 .002879 .59450 .562317
135 4 .000400 36 .002791 .14330 .964797
235 4 .005862 36 .001803 3.25120 .022431
145 4 .001563 36 .001868 .83668 .510964
245 4 .001810 36 .001591 1.13768 .354388
345 8 .001941 72 .002094 .92698 .499725
1234 4 .001465 36 .001288 1.13724 .354585
1235 4 .003585 36 .002323 1.54334 .210495
1245 4 .001062 36 .002209 .48051 .749810
1345 8 .000770 72 .001948 .39533 .919648
2345 8 .001339 72 .001732 .77324 .627381
12345 8 .001155 72 .001366 .84599 .565695
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Peak grip aperture
Effect 1 = lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 = 
object distance (30, 40.7 or 55 cm); Effect 4 = object width (6, 7.5 or 9.7 cm); 
Effect 5 =  object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
en'or ms eiror F p-level
1 1 14356.71 9 259.2446 55.3790 .000039
2 1 6124.36 9 251.6629 24.3356 .000810
3 2 236.11 18 175.8640 1.3426 .286103
4 2 225.93 18 19.4339 11.6253 .000574
5 2 40752.38 18 270.6429 150.5762 .000000
12 1 67.59 9 164.5900 .4106 .537624
13 2 111.61 18 15.8320 7.0498 .005482
23 2 370.58 18 24.7758 14.9572 .000149
14 2 49.71 18 13.6040 3.6540 .046571
24 2 12.28 18 8.7243 1.4077 .270398
34 4 5.34 36 11.9107 .4487 .772593
15 2 740.87 18 31.0775 23.8393 .000009
25 2 1006.86 18 13.3252 75.5605 .000000
35 4 4.83 36 22.0953 .2187 .926284
45 4 77.23 36 22.2916 3.4645 .017084
123 2 29.82 18 14.5290 2.0524 .157430
124 2 .07 18 12.4518 .0058 .994193
134 4 11.31 36 11.9853 .9434 .450157
234 4 34.72 36 11.2837 3.0767 .028080
125 2 109.52 18 14.2570 7.6819 .003872
135 4 12.97 36 8.1677 1.5878 .198607
235 4 32.02 36 9.1489 3.5001 .016328
145 4 36.54 36 12.2658 2.9791 .031857
245 4 8.93 36 7.4115 1.2050 .325565
345 8 10.24 72 11.8250 .8656 .549436
1234 4 2.66 36 8.4722 .3141 .866632
1235 4 33.16 36 13.4580 2.4637 .062507
1245 4 5.83 36 10.1148 .5765 .681485
1345 8 9.38 72 7.4183 1.2646 .275551
2345 8 9.99 72 10.3032 .9694 .466749
12345 8 4.27 72 11.5579 .3698 .933187
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Time to peak grip aperture
Effect 1 =  lit/unlit viewing; Effect 2 = binocular/monocular viewing; Effect 3 = 
object distance (30, 40.7 or 55 cm); Effect 4 = object width (6, 7.5 or 9.7 cm); 
Effect 5 =  object depth (3, 4.4 or 7.1 cm)
Effect
df
effect
ms
effect
df
error ms error F p-level
1 1 .245617 9 .015656 15.6886 .003300
2 1 .329107 9 .005902 55.7617 .000038
3 2 .168460 18 .008509 19.7968 .000028
4 2 .063918 18 .002489 25.6800 .000005
5 2 1.042135 18 .009971 104.5148 .000000
12 1 .001011 9 .009833 .1028 .755779
13 2 .082426 18 .005424 15.1968 .000136
23 2 .007119 18 .002762 2.5779 .103638
14 2 .000359 18 .002281 .1574 .855515
24 2 .007623 18 .001691 4.5089 .025858
34 4 .014613 36 .001807 8.0880 .000093
15 2 .012549 18 .003525 3.5598 .049813
25 2 .015281 18 .002009 7.6077 .004031
35 4 .066568 36 .003492 19.0604 .000000
45 4 .014474 36 .002080 6.9576 .000295
123 2 .002211 18 .005640 .3921 .681270
124 2 .002316 18 .002902 .7980 .465518
134 4 .004069 36 .002062 1.9734 .119473
234 4 .003379 36 .001930 1.7512 .160230
125 2 .005868 18 .001965 2.9866 .075841
135 4 .000709 36 .003571 .1987 .937438
235 4 .001345 36 .002095 .6419 .636076
145 4 .002845 36 .002962 .9602 .441097
245 4 .000611 36 .002169 .2819 .887790
345 8 .001844 72 .002395 .7699 .630235
1234 4 .003903 36 .002422 1.6113 .192595
1235 4 .001820 36 .002189 .8316 .514030
1245 4 .002890 36 .001951 1.4818 .228083
1345 8 .001451 72 .002354 .6164 .761306
2345 8 .001661 72 .001981 .8384 .572068
12345 8 .003100 72 .001717 1.8060 .089896
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Appendix D
ANOVA summary tables for Chapter 5
Movement onset time
Effect 1 = vie 
Effect 2 = ob 
Effect 3 = ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect effect effect eiror ms error F p-level
1 2 .072625 16 .017437 4.164993 .034979
2 2 .013677 16 .004380 3.122602 .071621
3 2 .000590 16 .003352 .176014 .840341
12 4 .005242 32 .004287 1.222766 .320675
13 4 .010310 32 .005527 1.865388 .140769
23 4 .002365 32 .004744 .498524 .736829
123 8 .004284 64 .003771 1.136038 .351818
Movement duration
Effect 1 = vie 
Effect 2 = ob 
Effect 3 = ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect effect effect eiror ms error F p-level
1 2 2.329145 16 .085435 27.2623 .000007
2 2 5.708162 16 .038835 146.9849 .000000
3 2 .322482 16 .019348 16.6673 .000122
12 4 .193168 32 .012441 15.5262 .000000
13 4 .031365 32 .011849 2.6469 .051391
23 4 .128042 32 .015295 8.3713 .000097
123 8 .018773 64 .015495 1.2115 .306722
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Peak wrist velocity
Effect 1 =  vie 
Effect 2 = ob 
Effect 3 = ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect effect effect error ms error F p-level
1 2 81185.4 16 11428.34 7.1039 .006195
2 2 688170.6 16 6344.81 108.4619 .000000
3 2 18862.4 16 5862.09 3.2177 .066910
12 4 31087.3 32 2745.68 11.3223 .000008
13 4 5696.3 32 2545.24 2.238 .086888
23 4 2176.7 32 2104.12 1.0345 .404644
123 8 1434.2 64 1630.66 0.8795 .538568
Time to peak wrist velocity
Effect 1 =  vie 
Effect 2 =  ob 
Effect 3 = ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect effect effect error ms error F p-level
1 2 1075.020 16 43.67629 24.6134 .000013
2 2 2506.167 16 14.29510 175.3165 .000000
3 2 49.161 16 8.38499 5.8629 .012299
12 4 18.951 32 11.54433 1.6416 .187965
13 4 4.188 32 5.69731 .7350 .574908
23 4 46.066 32 7.06667 6.5188 .000591
123 8 8.563 64 9.47220 .9040 .518837
Peak deceleration
Effect 1 = vie 
Effect 2 = ob 
Effect 3 = ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect Effect effect error ms error F p-level
1 2 1994357. 16 191708.4 10.40307 .001275
2 2 1152333. 16 126627.0 9.10021 .002295
3 2 587035. 16 115562.2 5.07981 .019584
12 4 124441. 32 94205.5 1.32095 .283330
13 4 59219. 32 48722.1 1.21544 .323578
23 4 14601. 32 50338.6 .29006 .882254
123 8 26913. 64 32446.3 .82947 .579935
2 3 5
Time in the slow phase
Effect 1 = vie 
Effect 2 = ob 
Effect 3 = ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect Effect effect eiror ms error F p-level
1 2 2182.988 16 63.81481 34.2082 .000002
2 2 5530.300 16 36.30549 152.3268 .000000
3 2 142.071 16 18.10231 7.8482 .004216
12 4 66.590 32 26.16594 2.5449 .058548
13 4 17.208 32 13.48872 1.2758 .299973
23 4 49.345 32 16.64016 2.9654 .034317
123 8 17.601 64 16.97650 1.0368 .418355
Peak grip aperture
Effect 1 = vie 
Effect 2 = ob 
Effect 3 =  ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect Effect effect eiror ms error F p-level
1 2 1009.878 16 239.6375 4.21419 .033869
2 2 63.741 16 51.7168 1.23250 .317808
3 2 3529.922 16 51.4273 68.63911 .000000
12 4 5.152 32 10.6655 0.48304 .747983
13 4 247.947 32 18.6825 13.27163 .000002
23 4 24.253 32 11.8462 2.04730 .111196
123 8 8.137 64 9.6333 0.84467 .567258
Time to peak grip aperture
Effect 1 =  vie 
Effect 2 = ob 
Effect 3 = ob
wing condition (binocular, monocular midline or monocular aligned)
ect distance (34.2, 42.8, or 55 cm)
ect size (3 x 6, 4.4 x 7.5, or 7.1 x 9.7 cm)
df ms df
Effect effect effect error ms error F p-level
1 2 2210.386 16 93.06580 23.75079 .000016
2 2 3391.760 16 64.41618 52.65385 .000000
3 2 125.111 16 36.69582 3.40940 .058428
12 4 366.689 32 19.16962 19.12864 .000000
13 4 29.492 32 20.03533 1.47199 .233759
23 4 155.713 32 16.42951 9.47765 .000036
123 8 26.279 64 23.68957 1.10930 .369012
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Appendix E
ANOVA summary tables for Chapter 6: Lit viewing conditions
Movement onset time
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  number o f flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 .002322 11 .011460 .202602 .661370
2 1 .000671 11 .003039 .220905 .647532
12 1 .000634 11 .003363 .188656 .672435
Movement duration
Effect 1 =  viewing condition (binocular or monocular) 
Effect 2 =  number o f flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 .088027 11 .006602 13.33434 .003810
2 1 .017506 11 .002607 6.71453 .025083
12 1 .000880 11 .001836 .47945 .503028
Peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = number o f flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 2646.837 11 3777.943 .700603 .420394
2 1 9197.422 11 1556.192 5.910212 .033345
12 1 110.353 11 2030.704 .054342 .819954
Time to peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = number o f flankers (0 or 4)
df ms df
Effect effect effect error ms eiror F p-level
1 1 144.7061 11 11.28021 12.82831 .004306
2 1 .1500 11 7.65084 .01961 .891158
12 1 8.3802 11 6.42926 1.30345 .277828
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Peak deceleration
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = number o f  flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 24145.0 11 102854.0 .234750 .637527
2 1 194933.1 11 24194.3 8.056978 .016126
12 1 2038.6 11 67194.4 .030339 .864887
Time in the slow phase
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  number o f flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 587.4150 11 20.66476 28.42593 .000240
2 1 1.6383 11 15.61865 .10490 .752106
12 1 5.3829 11 7.19727 .74791 .405603
Peak grip aperture
Effect 1 =  viewing condition (binocular or monocular) 
Effect 2 = number o f flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 365.8349 11 26.52374 13.79273 .003418
2 1 16.3518 11 28.07840 .58236 .461441
12 1 1.7032 11 5.46269 .31179 .587767
Time to peak grip aperture
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = number o f flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 439.0581 11 27.48733 15.97311 .002098
2 1 3.6530 11 6.52436 .55990 .469995
12 1 3.0643 11 7.64159 .40100 .539514
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Appendix F
ANOVA summary tables for Chapter 6: Unlit viewing conditions (overall)
Movement onset time
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = number o f flankers (0, 1 ,2  or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 .016627 11 .017536 .948129 .351122
2 3 .016741 33 .005962 2.808196 .054719
12 3 .002847 33 .003549 .802192 .501610
Movement duration
Effect 1 =  viewing condition (binocular or monocular) 
Effect 2 =  number o f flankers (0 or 4)
df ms df
Effect effect effect eiror ms error F p-level
1 1 .496818 11 .029209 17.00894 .001689
2 3 .000463 33 .001660 .27907 .840094
12 3 .000393 33 .002790 .14080 .934819
Peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = number o f  flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 4145.526 11 3915.170 1.058837 .325576
2 3 2616.551 33 887.100 2.949555 .046968
12 3 281.577 33 833.052 .338006 .797947
Time to peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = number o f  flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 399.6157 11 19.66262 20.32363 .000889
2 3 2.0936 33 7.33023 .28561 .835424
12 3 1.4112 33 4.06455 .34720 .791383
2 3 9
Peak deceleration
Effect 1 =  viewing condition (binocular or monocular) 
Effect 2 = number o f flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 395340.6 11 130722.1 3.024284 .109896
2 3 28526.6 33 15855.4 1.799177 .166538
12 3 14623.3 33 24306.1 .601631 .618545
Time in the slow phase
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  number o f  flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 906.0056 11 62.24752 14.55489 .002867
2 3 9.5108 33 10.72793 .88655 .458204
12 3 4.6308 33 10.66430 .43424 .729915
Peak grip aperture
Effect 1 =  viewing condition (binocular or monocular) 
Effect 2 =  number o f  flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 3907.196 11 136.3076 28.66455 .000232
2 3 2.063 33 10.7941 .19110 .901705
12 3 5.525 33 8.7621 .63061 .600467
Time to peak grip aperture
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  number o f  flankers (0 or 4)
df ms df
Effect effect effect error ms error F p-level
1 1 693.3895 11 46.13153 15.03071 .002577
2 3 11.9473 33 7.49461 1.59411 .209445
12 3 2.5508 33 8.21436 .31052 .817607
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ANOVA summary tables for Chapter 6: Effects of flanker location 
(1 flanker condition)
Appendix G
Movement onset time
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  flanker location (1, 2, 3 or 4).
df ms df
Effect effect effect error ms error F p-level
1 1 .061822 11 .020559 3.007078 .110799
2 3 .000284 33 .004540 .062515 .979217
12 3 .001087 33 .004536 .239589 .868095
Movement duration
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker location (1, 2, 3 or 4).
df ms df
Effect effect effect eiror ms error F p-level
1 1 .505770 11 .024206 20.89460 .000802
2 3 .000146 33 .006117 .02392 .994895
12 3 .002612 33 .004612 .56635 .641067
Peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker location (1 ,2 , 3 or 4).
df ms df
Effect effect effect eiror ms error F p-level
1 1 12539.69 11 6965.504 1.800256 .206723
2 3 111.32 33 1828.094 .060893 .979989
12 3 1982.20 33 1512.626 1.310436 .287481
Time to peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker location (1 ,2 , 3 or 4).
df ms df
Effect effect effect eiror ms error F p-level
1 1 477.8872 11 35.54426 13.44485 .003711
2 3 36.3420 33 9.54366 3.80797 .018970
12 3 3.6397 33 10.95774 .33216 .802128
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Peak deceleration
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  flanker location (1, 2, 3 or 4).
df ms df
Effect effect effect eiror ms error F p-level
1 1 353992.6 11 183026.1 1.934110 .191802
2 3 5424.6 33 44933.5 .120724 .947257
12 3 54060.7 33 41934.8 1.289162 .294367
Time in the slow phase
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  flanker location (1, 2, 3 or 4).
df ms df
Effect effect effect eiror ms error F p-level
1 1 1238.268 11 82.04163 15.09317 .002541
2 3 49.700 33 11.71813 4.24129 .012176
12 3 9.013 33 13.18375 .68364 .568403
Peak grip aperture
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  flanker location (1, 2, 3 or 4).
df ms df
Effect effect effect error ms eiror F p-level
1 1 4108.347 11 80.49045 51.04143 .000019
2 3 7.578 33 19.88108 .38116 .767213
12 3 13.838 33 13.97610 .99009 .409479
Time to peak grip aperture
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  flanker location (1, 2, 3 or 4).
df ms df
Effect effect effect error ms error F p-level
1 1 872.6986 11 31.58068 27.63394 .000270
2 3 46.6193 33 19.26480 2.41992 .083620
12 3 49.1003 33 22.79996 2.15353 .112236
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Appendix H
ANOVA summary tables for Chapter 6: Effects of flanker location 
(2 flanker conditions)
Movement onset time
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect error ms eiror F p-level
1 1 .003742 11 .015401 .242957 .631770
2 3 .009834 33 .011395 .862990 .469986
12 3 .009181 33 .003479 2.638696 .065796
Movement duration
Effect 1 =  viewing condition (binocular or monocular) 
Effect 2 = flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect error ms error F p-level
1 1 .480289 11 .020596 23.31981 .000528
2 3 .001891 33 .005307 .35639 .784824
12 3 .003856 33 .007565 .50968 .678365
Peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect en'or ms error F p-level
1 1 2086.380 11 2555.110 .816552 .385552
2 3 4882.870 33 1486.448 3.284924 .032815
12 3 3457.615 33 1610.996 2.146259 .113144
Time to peak wrist velocity
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 =  flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect error ms error F p-level
1 1 486.5141 11 22.24589 21.86985 .000675
2 3 9.1196 33 10.62332 .85845 .472286
12 3 2.0413 33 5.23814 .38971 .761163
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Peak deceleration
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect error ms error F p-level
1 1 315711.1 11 71520.15 4.414295 .059495
2 3 105791.8 33 30733.28 3.442256 .027787
12 3 39556.4 33 42985.30 .920232 .441813
Time in the slow phase
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect en’or ms error F p-level
1 1 1026.919 11 42.20145 24.33373 .000448
2 3 22.684 33 22.21159 1.02125 .395763
12 3 21.331 33 8.80757 2.42195 .083434
Peak grip aperture
Effect 1 =  viewing condition (binocular or monocular) 
Effect 2 = flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect eiror ms error F p-level
1 1 3138.232 11 135.4662 23.16616 .000542
2 3 29.183 33 14.1625 2.06062 .124435
12 3 27.914 33 16.3069 1.71178 .183625
Time to peak grip aperture
Effect 1 = viewing condition (binocular or monocular) 
Effect 2 = flanker locations (1, 2, 3 or 4).
df ms df
Effect effect effect eiror ms error F p-level
1 1 833.5477 11 46.47187 17.93661 .001400
2 3 96.6323 33 13.82335 6.99051 .000909
12 3 3.8030 33 16.13701 .23567 .870854
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Error in distance reached
Effect 1 =  field o f  view (8 degrees or 64 degrees) 
Effect 2 = binocular/monocular viewing 
Effect 3 = object distance (25, 36.8 or 50)
Effect
df
Effect
ms
effect
df
error ms error F p-level
1 1 38779.28 8 849.933 45.62626 .000144
2 1 1862.52 8 1727.723 1.07802 .329501
3 2 423.85 16 894.494 .47384 .631070
12 1 1009.35 8 633.255 1.59391 .242326
13 2 1092.75 16 156.706 6.97326 .006640
23 2 1.11 16 142.045 .00784 .992196
123 2 21.78 16 106.582 .20435 .817275
Peak wrist velocity
Effect 1 = field o f view (8 degrees or 64 degrees) 
Effect 2 = binocular/monocular viewing 
Effect 3 = object distance (25, 36.8 or 50)
Effect
df
Effect
ms
effect
df
error ms error F p-level
1 1 334082. 7 13199.12 25.31091 .0015117
2 1 16517. 7 9233.65 1.78873 .2229015
3 2 1344615. 14 21609.76 62.22256 .0000001
12 1 12964. 7 4801.08 2.70027 .1443323
13 2 12822. 14 1861.00 6.88972 .0082572
23 2 861. 14 3112.59 .27660 .7624103
123 2 561. 14 2718.19 .20645 .8159007
2 4 5
Movement direction
Effect 1 = field o f view (8 degrees or 64 degrees) 
Effect 2 — binocular/monocular viewing 
Effect 3 = object distance (25, 36.8 or 50)
df ms df
Effect Effect effect error ms eiror F p-level
1 1 2.208183 8 6.325351 .349100 .570934
2 1 2.216586 8 9.481310 .233785 .641688
3 2 4.036363 16 3.896652 1.035854 .377543
12 1 9.684714 8 3.069234 3.155417 .113581
13 2 .242795 16 1.387576 .174978 .841060
23 2 1.588063 16 .988009 1.607336 .231151
123 2 1.230339 16 1.222998 1.006003 .387671
Final grip aperture
Effect 1 =  field o f view (8 degrees or 64 degrees) 
Effect 2 =  binocular/monocular viewing 
Effect 3 =  object distance (25, 36.8 or 50)
Effect
df
Effect
ms
effect
df
error ms error F p-level
1 1 166.2593 8 126.1759 1.317678 .284175
2 1 6.7500 8 225.6134 .029918 .866972
3 2 .8066 16 18.7406 .043039 .957984
12 1 .6955 8 198.6631 .003501 .954270
13 2 2.4475 16 10.9336 .223853 .801894
23 2 44.4568 16 6.8584 6.482084 .008671
123 2 25.0751 16 11.5774 2.165863 .147084
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